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ABSTRACT
Six interior flat slab-column connections were constructed and tested to investigate the 
feasibility o f using CFRP sheets as a strengthening technique for flat slab-column 
connections against flexural failure. Each specimen is made of 2000 x 1000 x 150 mm 
slab and a 250 x 250 mm column stub extending above and below the slab. Three o f the 
tested specimens were strengthened by bonding to the tension side o f the slabs carbon 
fiber reinforced polymer (CFRP) sheets using two-part epoxy resin, and three specimens 
were used as control specimens. All specimens’ slabs were reinforced with the same 
internal steel reinforcement ratio and two different external reinforcement (CFRP) 
configurations were used. The specimens were tested by applying monotonic load up to 
failure. The load was applied through the central column-stub either concentrically or 
eccentrically.
Tests results revealed the effectiveness of CFRP sheets in significantly increasing the 
stiffness of the slabs, yield and ultimate capacity o f the slabs up to 65% and 80% 
respectively. Ductile behavior o f strengthened specimens was observed, but with less 
deformation than control specimens at the same load levels. Ductility was achieved by 
having conventional reinforcement yielded; secured by limiting the maximum percentage 
of CFRP sheets. Finally, flexural ultimate carrying capacity for strengthened specimens 
can be predicted using CSA A23.3-94 standard and the recommendations of ISIS (Design 
manual No. 4, 2001).
l i
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
To My Parents and My Wife 
With Gratitude
in
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Acknowledgments
The author would like to thank God for providing him the strength and guidance during 
the work in this thesis.
Also the author would like to thank his advisor Dr. Faouzi Ghrib, and his Co-advisor Dr. 
Khaled Sennah for their effort and support devoting time and providing supervision to 
grant success to this work.
The author is also very grateful to his parents for their support and for my wife for help 
and understanding throughout the course o f this thesis.
iv




ACKNOW LEDGEM ENTS................................................................................................. iv
TABLE OF CONTENTS.......................................................................................................v
LIST OF T A B L E S ................................................................................................................ ix
LIST OF F IG U R E S ............................................................................................................. xi
LIST OF SYM BOLS..............................................................   xxvi
CHAPTER I ............................................................................................................................1
IN TR O D U C TIO N ................................................................................................................. 1
1.1 Problem Definition.............................................................................................................1
1.2 Research Objectives and Scope.......................................................................................3
1.3 Thesis Organization........................................................................................................... 4
CHAPTER I I .......................................................................................................................... 6
LITERATURE R E V IE W ....................................................................................................6
2.1 Introduction......................................................................................................................... 6
2.2 FRP Externally Bonded Advantages and Disadvantages............................................ 6
2.3 FRP Composites Constituents.......................................................................................... 9
2.4 Adhesive Materials............................................................................................................ 12
2.5 Externally Bonded FRP Composites Properties............................................................13
2.6 Literature Review for Concrete Beams Strengthening.................................................14
2.7 Literature Review for Slabs Strengthening.................................................................... 31
2.8 Research Significance....................................................................................................... 44
v
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER I I I .................................................................................................................. 48
TESTING PROGRAM...................................................................................................48
3.1 Introduction.......................................................................................................................48
3.2 Specimens’ Geometry..................................................................................................... 48
3.3 M aterials.......................................................................................................................... 49
3.3.1 Concrete........................................................................................................................49
3.3.2 Steel Reinforcement.................................................................................................... 50
3.3.3 Carbon Fiber Reinforced Polym er.............................................................................51
3.4 Specimens Fabrication.................................................................................................. 52
3.4.1 Formwork Preparation................................................................................................. 52
3.4.2 Reinforcement Assemblage..........................................................................................53
3.4.3 Concrete Casting............................................................................................................ 53
3.4.4 Curing.............................................................................................................................. 54
3.4.5 Carbon Fiber Reinforced Polym er.............................................................................. 54
3.5 Instrumentation.................................................................................................................. 54
3.5.1 Electrical Strain G auges.............................................................................................. 55
3.5.2 Linear Potentiometer Locations................................................................................. 56
3.5.3 Load C ells .......................................................................................................................56
3.6 Test-Set Up and Test Procedure......................................................................................56
CHAPTER I V ....................................................................................................................96
EXPERIMENTAL RESULTS AND DATA ANALYSIS......................................... 96
4.1 Introduction.........................................................................................................................96
4.2 Specimens CONT-O and STRE-0....................................................................................97
vi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4.2.1 Cracks Propagation....................................................................................................... 97
4.2.2 Failure M ode.................................................................................................................98
4.2.3 Deformability, Yielding and Ultimate Strength........................................................ 98
4.2.4 Steel and Concrete Strains...........................................................................................100
4.3 Specimens CONT-25 and STRE-25............................................................................103
4.3.1 Cracks Propagation......................................................................................................103
4.3.2 Failure M ode................................................................................................................ 104
4.3.3 Deformability, Yielding and Ultimate Strength........................................................105
4.3.4 Steel and Concrete S trains..........................................................................................106
4.4 Specimens CONT-35 and STRE-35.............................................................................110
4.4.1 Cracks Propagation.......................................................................................................110
4.4.2 Failure Mode..................................................................................................................110
4.4.3 Deformability, Yielding and Ultimate Strength........................................................I l l
4.4.4 Steel and Concrete S trains.......................................................................................... 113
4.4 Effect o f Eccentricity.......................................................................................................117
4.5 Conclusions.......................................................................................................................119
CHAPTER V ..........................................................................................................................216
THEO RETICA L A N A LY ISIS.........................................................................................216
5.1 Introduction....................................................................................................................... 216
5.2 Flexural Capacity (Nominal Moment Capacity).........................................................216
5.2.1Nominal Moment Capacity for Unstrengthened (control) Specimens................... 216
5.2.2 Nominal Moment Capacity for Strengthened Specimens...................................... 218
5.3 Balanced External Reinforcement R a tio ....................................................................220
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5.3.1 Balanced External Reinforcement Ratio for Concrete Compression Failure 221
5.3.2 Balanced External Reinforcement Ratio for FRP Ruptures Failu re ..................... 222
5.4 Punching Shear Capacity o f Slab-Column Connection (Specimen STRE-35) 223
5.5 Ultimate Flexural Capacity o f the Control and Strengthened Specimens........... 225
5.6 Cracking Moment Mcr...................................................................................................226
5.6.1 Cracking Moment for Unstrengthened specimens.................................................226
5.6.2 Cracking Moment for strengthened specimens...................................................... 227
5.7 Conclusions.......................................................................................................................228
CHAPTER V I .................................................................................................................. 250
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH...250
6.1 Conclusions....................................................................................................................250
6.2 Recommendations for future Research...................................................................... 252
REFERENCES...............................................................................................................253
VITA AUCTORIS......................................................................................................... 261
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
LIST OF TABLES 
Table Page
2-1 Properties o f Fibers (ISIS, 2001)...................................................................................46
2-2 Comparison of characteristics o f FRP sheet produced from different fibers........... 46
2-3 External Reinforcing Plate Properties (Ritchie et al., 1991).......................................47
2-4 Beams Types Divided according to Its Conventional (Steel) and External
(FRP) Reinforcement (Rahimi and Hutchinson, 2001)......................................................47
3-1 Specimens properties and definition.............................................................................58
3-2 Cylinder compressive strength 7days after casting for first ba tch ............................58
3-3 Cylinder compressive strength 14days after casting for first b a tch ..........................59
3-4 Specified cylinder strength fc 28 days after casting for first b a tch ...........................59
3-5 Cylinder compressive strength 7days after casting for second b a tch ....................... 60
3-6 Cylinder compressive strength 14days after casting for second b a tch .................... 60
3-7 Specified cylinder strength fc 28 days after casting for second b a tch ..................... 61
3-8 Cylinder compressive strength 7days after casting for third b a tch ...........................61
3-9 Cylinder compressive strength 14days after casting for third b a tch ........................ 62
3-10 Specified cylinder strength fc 28 days after casting for third b a tch ..................... 62
3-11 Splitting tensile strength fct 28 days after casting for first b a tch ............................63
3-12 Splitting tensile strength fct 28 days after casting for second b a tch ...................... 63
3-13 Splitting tensile strength fct 28 days after casting for the third batch.....................64
3-14 Typical dry fiber properties..........................................................................................64
3-15 Epoxy material properties............................................................................................. 64
3-16 Properties o f Tyfo SCH-41S composite fiber system (design values)...................64
ix
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3-17 Steel and concrete strain gages’ properties.............................................................. 65
4-1 Specimens yield, ultimate, cracks loads, and strengthening ratio........................... 120
4-2 Stiffness index................................................................................................................120
5-1 Nominal moment capacity theoretical computations for unstrengthened (control)
specimens CONT-O, CONT-25, and CONT-35............................................................... 229
5-2 Nominal moment capacity theoretical computations for strengthened specimens for
specimens STRE-0, STRE-25, and STRE-35...................................................................231
5-3 Balanced external reinforcement ratio theoretical computations for concrete 
compression failure in strengthened slabs for specimens STRE-0, STRE-25, and STRE-
35............................................................................................................................................ 234
5-4 Balanced external reinforcement ratio theoretical computations for CFRP rupture 
failure in strengthened slabs for specimens STRE-0, STRE-25, and STRE-
35.............................................................................................................................................237
5-5 Ultimate capacity of the control and strengthened specimens
(test and theoretical values)................................................................................................. 240
5-6 Cracking moment and cracking load theoretical computations for control and 
strengthened specimens.........................................................................................................241
5-7 Cracking loads.................................................................................................................244
6-1 External Reinforcement Ratio (CFRP) for Balanced Sections Calculated according to 
(ISIS 2001).............................................................................................................................252
x
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
LIST OF FIGURES
Figure Pages
3-1 Geometry of Specimens CONT-O, and STRE-0......................................................... 66
3-2 Geometry o f Specimens CONT-25, STRE-25, CONT-35, and STRE-35.............. 67
3-3 CFRP sheets lay out for specimen STRE-0.................................................................. 68
3-4 CFRP sheets lay out for specimen STRE-25................................................................69
3-5 CFRP sheets lay out for specimen STRE-35................................................................70
3-6 View of Slump te s t ......................................................................................................... 71
3-7 View of compression te s t ...............................................................................................71
3-8 View of splitting te s t ...................................................................................................... 72
3-9 Reinforcement details for specimens CONT-O, and STRE-0.................................... 73
3-10 Reinforcement details for specimens CONT-25, STRE-25, CONT-35
and STRE-35............................................................................................................................74
3-11 Ideal stress- strain curve for steel reinforcement...................................................... 75
3-12 Ideal stress- strain curve for CFRP composite system ............................................. 75
3-13 View o f Formwork for slab and column s tu b .............................................................76
3-14 View o f Formwork for slab and column stub with cantilever supported by wood
fram e......................................................................................................................................... 76
3-15 View slab reinforcement assembling, bottom lay er..................................................77
3-16 View slab reinforcement assembling, bottom and top lay er....................................77
3-17 View of column reinforcement assembling; the cantilever..................................... 78
3-18 View o f assembled columns reinforcement............................................................... 78
3-19 View of assembled column in its position in the form w ork....................................79
xi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3-20 View of Specimen before casting.............................................................................. 79
3-21 View of mixing truck and delivering bucket............................................................ 80
3-22 View of casting concrete using the bucket................................................................80
3-23 View of one recent cast specimen after leveling its surface................................... 81
3-24 View of curing a cast specim en..................................................................................81
3-25 View of curing a cast specimen after taking out side form work........................... 82
3-26 View of installed CFRP sheets on the bottom of the slab (two layers).......82
3-27 View of installed CFRP sheets on the bottom of the slab (two layers).......83
3-28 Steel strain gages’ locations for specimens CONT-O, and STRE-0...................... 84
3-29 Steel strain gages locations for specimens CONT-25, STRE-25, CONT-35,
and STRE-35........................................................................................................................ 85
3-30 Concrete strain gages locations for specimens CONT-O, and ST R E -0.................86
3-31 Concrete strain gages locations for specimens CONT-25, STRE-25, CONT-35, and
STRE-35.................................................................................................................................. 87
3-32 View of installed steel strain gages.............................................................................88
3-33 View of installed Concrete strain gages.....................................................................88
3-34 Linear Potentiometer locations for specimens CONT-O and STR E-0...................89
3-35 Linear Potentiometer locations for specimens CONT-25, STRE-25, CONT-35, and
STRE-35.................................................................................................................................90
3-36 View of linear Potentiometer under column stub cen ter.........................................91
3-37 View of linear Potentiometer on slab top surface......................................................91
3-38 View of Jack load cell aligned on the center o f column s tu b .................................. 92
3-39 View of Reaction load cell under the slab c o m er.................................................... 92
xii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3-40 Reaction load cells locations........................................................................................ 93
3-41 View of reaction load cell with hinged support........................................................94
3-42 View o f a specimen under test fram e......................................................................... 95
3-43 View of a data acquisition connected to steel, and concrete strain gages, Pot., 
and load c e lls ..........................................................................................................................95
4-1 East view o f the control specimen CONT-O...............................................................121
4-2 North view o f the control specimen CONT-O..............................................................121
4-3 (a) View of crack propagation in the slab of specimen CONT..................................122
4-3 (b): View of cracks propagation in the slab of specimen CONT-O........................... 122
4-4 South view o f specimen STRE-0 (under test frame)...................................................123
4-5 View o f cracks propagation on the edge of slab of specimen STRE-0.................... 123
4-6 View o f concrete crushing on the top o f slab o f specimen STRE-0.........................124
4-7 View of deformed specimen STRE-0...........................................................................124
4-8 Schematical representation of the typical load-deflection behavior o f strengthened
slab-column connection......................................................................................................... 125
4-9 Schematical representation of the typical load-deflection behavior o f
unstrengthened slab-column connection............................................................................. 125
4-10 Load versus central deflection o f specimens CONT-O, and STRE-0 (channel 38)
channel 3 8 .............................................................................................................................. 126
4-11 Load versus deflection of specimens CONT-O, and STRE-0 (channel 33)......... 126
4-12 Load versus deflection of specimens CONT-O, and STRE-0 (channel 34)......... 127
4-13 Load versus deflection o f specimens CONT-O, and STRE-0 (channel 35)......... 127
4-14 Load versus deflection of specimens CONT-O, and STRE-0 (channel 36).........128
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-15 Deflections in slab long direction at the load of 152 kN for specimens CONT-O, 
and STRE-0............................................................................................................................ 128
4-16 Load versus concrete strain of specimens CONT-O, and STRE-0 (channel 1)... 129 
4-17 Load versus concrete strain of specimens CONT-O, and STRE-0 (channel 2)....129 
4-18 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 3)....130 
4-19 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 4)... 130 
4-20 Load versus concrete strain of specimens CONT-O, and STRE-0 (channel 9)... 131 
4-21 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 10)...131 
4-22 Load versus concrete strain of specimens CONT-O, and STRE-0 (channel 11)...132 
4-23 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 12)...132 
4-24 Load versus concrete strain for specimens CONT-O, and STRE-0 (channel 17).. 133 
4-25 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 18)... 133 
4-26 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 19)...134 
4-27 Load versus concrete strain o f specimens CONT-O, and STRE-0 (channel 20)... 134
4-28 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 5)............135
4-29 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 6)............135
4-30 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 7)............136
4-31 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 8)............136
4-32 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 13)...........137
4-33 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 14)...........137
4-34 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 15)........ 138
4-35 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 16)........ 138
4-36 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 21)......... 139
xiv
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-37 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 22)......... 139
4-38 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 23)......... 140
4-39 Load versus steel strain o f specimens CONT-O, and STRE-0 (channel 24)......... 140
4-40 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 29)......... 141
4-41 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 30)......... 141
4-42 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 31)......... 142
4-43 Load versus steel strain of specimens CONT-O, and STRE-0 (channel 32)......... 142
4-44 Steel strain readings in the long direction at load level 152 kN for specimens
CONT-O, and STRE-0........................................................................................................... 143
4-45 Steel strain readings in the short direction at load level 152 kN for specimens
CONT-O, and STRE-0........................................................................................................... 143
4-46 Steel strain readings in the long direction at load level 169 kN for specimens
CONT-O, and STRE-0.......................................................................................................... 144
4-47 Steel strain readings in the short direction at load level 169 kN for specimens
CONT-O, and STRE-0...........................................................................................................144
4-48 Steel strain readings in the long direction at load level 250 kN for specimen
STRE-0....................................................................................................................................145
Figure 4-49: Steel strain readings in the short direction at load level 250 kN for specimen
STRE-0.....................................................................................................................................145
4-50 Concrete strain readings in the long direction at load level 152 kN for specimens
CONT-O, and STRE-0............................................................................................................146
4-51 Concrete strain readings in the short direction at load level 152 kN for specimens 
CONT-O, and STRE-0.............................................................................................................. 146
xv
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-52 Concrete strain readings in the long direction at load level 169 kN for specimens
CONT-O, and STRE-0............................................................................................................ 147
4-53 Concrete strain readings in the short direction at load level 169 kN for specimens
CONT-O, and STRE-0............................................................................................................ 147
4-54 Concrete strain readings in the long direction at load level 250 kN for specimen
STRE-0..................................................................................................................................... 148
4-55 Concrete strain readings in the short direction at load level 250 kN for specimen
STRE-0..................................................................................................................................... 148
4-56 Concrete strain readings in the long direction at load level 305 kN for specimen
STRE-0......................................................................................................................................149
4-57 Concrete strain readings in the long direction at load level 305 kN for specimen
STRE-0......................................................................................................................................149
4-58 North view of control specimen CONT-25 (under test frame)................................ 150
4-59 East view of control specimen CONT-25 (under test frame)...................................150
4-60 (a) View o f cracks propagation in the slab o f specimen CONT-25.........................151
4-60 (b) View of cracks propagation in the slab of specimen CONT-25.........................151
4-60 (c) View of cracks propagation on free edge o f the slab o f specimen CONT-25.. 152
4-61 East view of specimen STRE-25 (under test frame)..................................................152
4-62 North view o f specimen STRE-25 (under test frame)...............................................153
4-63 View of cracks propagation on free edge of the slab of specimen STRE-25 153
4-64 View of concrete crushing on the top o f the slab of specimen STRE-25................154
4-65 View of deformed picture o f specimen STRE-25....................................................... 154
4-66 Load versus central deflection o f specimens CONT-25,
xvi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
and STRE-25 (channel 38)................................................................................................... 155
4-67 Load versus deflection of specimens CONT-25, and STRE-35 (channel 33)........ 155
4-68 Load versus deflection of specimens CONT-25, and STRE-25 (channel 34)........ 156
4-69 Load versus deflection of specimens CONT-25, and STRE-25 (channel 35)........ 156
4-70 Load versus deflection of specimens CONT-25, and STRE-25 (channel 36)........ 157
4-71 Deflections in the slab long direction at load level 118 kN for specimens CONT-25
and STRE-25............................................................................................................................157
4-72 Deflections in the slab long direction at load level 118 kN for specimens CONT-25
and STRE-25...........................................................................................................................158
4-73 Deflections in the slab long direction at load level 139 kN for specimens CONT-25
and STRE-25............................................................................................................................158
4-74 Deflections in the slab long direction at load level 139 kN for specimens CONT-25
and STRE-25............................................................................................................................159
4-75 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 1)..159 
4-76 Load versus concrete strain of specimens CONT-25,
and STRE-25 (channel 2 )...................................................................................................... 160
4-77 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 3).. 160 
4-78 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 4).. 161 
4-79 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 9).. 161 
4-80 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 10). 162 
4-81 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 11). 162 
4-82 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 12).163 
4-83 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 17). 163
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-84 Load versus concrete strain of specimens CONT-25, and STRE-25 (channel 18).164 
4-85 Load versus concrete strain of specimens CONT-25, and STRE-25 (channel 19). 164 
4-86 Load versus concrete strain o f specimens CONT-25, and STRE-25 (channel 20). 165
4-87 Load versus steel strain of specimens CONT-25 (channel 5)....................................165
4-88 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 6)....... 166
4-89 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 7)....... 166
4-90 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 8)........ 167
4-91 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 13). ...167
4-92 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 14)...... 168
4-93 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 15)...... 168
4-94 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 16)...... 169
4-95 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 21). .  ..169
4-96 Load versus steel strain for specimen CONT-25 (channel 22).................................. 170
4-97 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 23)...... 170
4-98 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 24)...... 171
4-99 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 29)...... 171
4-100 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 30)...172 
4-101 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 31)...172 
4-102 Load versus steel strain for specimens CONT-25, and STRE-25 (channel 32)...173 
4-103 Steel strain readings in the long direction at load level 118 kN for specimens
CONT-25, and STRE-25.........................................................................................................174
4-104 Steel strain readings in the short direction at load level 118 kN for specimens 
CONT-25, and STRE-25..................................................................................................... 174
xviii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-105 Steel strain readings in the long direction at load level 139 kN for specimens
CONT-25, and STRE-25......................................................................................................175
4-106 Steel strain readings in the short direction at load level 139 kN for specimens
CONT-25, and STRE-25......................................................................................................175
4-107 Steel strain readings in the long direction at load level 175 KN for specimen
STRE-25................................................................................................................................. 176
4-108 Steel strain readings in the short direction at load level 175 kN for specimen
STRE-25................................................................................................................................ 176
4-109 Concrete strain readings in the long direction at load level 118 kN for specimens
CONT-25, and STRE-25...................................................................................................... 177
4-110 Concrete strain readings in the short direction at load level 118 kN for specimens
CONT-25, and STRE-25...................................................................................................... 177
4-111 Concrete strain readings in the long direction at load level 139 kN for specimens
CONT-25, and STRE-25...................................................................................................... 178
4-112 Concrete strain readings in the short direction at load level 139 kN for specimens
CONT-25, and STRE-25...................................................................................................... 178
4-113 Concrete strain readings in the long direction at load level 210 kN for specimen
STRE-25..................................................................................................................................179
4-114 Concrete strain readings in the short direction at load level 210 kN for specimens
STRE-25..................................................................................................................................179
4-115 North view o f control specimen CONT-35 (under test frame)............................ 180
4-116 East view o f control specimen CONT-35 (under test frame)............................... 180
4-117 (a) View of cracks propagation in the slab o f specimen CONT-35..................... 181
xix
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-117 (b) View of cracks propagation in the slab of specimen CONT-35.....................
4-118 East view of specimen STRE-35 (under test frame)...............................................1!
4-119 North view of specimen STRE-35 (under test frame)........................................... 11
4-120 View of cracks propagation on free edge of the slab of specimen STRE-35.. ..11
4-121 View of cracks propagation on the top o f the slab of specimen STRE-3 5  II
4-122 View of deformed column stub of specimen STRE-35......................................... II
4-123 View of concrete crushing and piece o f CFRP plate at the bottom of the slab of
specimen STRE-35..................................................................................................................
4-124 View of concrete crushing and piece of CFRP plate at the bottom of the slab of
specimen STRE-35.................................................................................................................
4-125 Load versus central deflection o f specimens CONT-35,
and STRE-35 (channel 38).................................................................................................... l!
4-126 Load versus central deflection of specimens CONT-35,
and STRE-35 (channel 33)....................................................................................................F
4-127 Load versus central deflection o f specimens CONT-35,
and STRE-35 (channel 34).................................................................................................... F
4-128 Load versus central deflection o f specimens CONT-35,
and STRE-35 (channel 35).................................................................................................... 11
4-129 Load versus central deflection o f specimens CONT-35,
and STRE-35 (channel 36).................................................................................................... 1!
4-130 Deflections in the slab long direction at load level 115 kN for specimens
CONT-35 and STRE-35..........................................................................................................
4-131: Deflections in the slab long direction at load level 115 kN for specimens
xx
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CONT-35 and STRE-35..........................................................................................................189
4-132 Deflections in the slab long direction at load level 132 kN for specimens
CONT-35 and STRE-35..........................................................................................................190
4-133 Deflections in the slab long direction at load level 132 kN for specimens 
CONT-35 and STRE-35..........................................................................................................190
4-134 Load versus concrete strain of specimens CONT-35, and STRE-35 (channel 1).191
4-135 Load versus concrete strain of specimens CONT-35, and STRE-35 (channel 2).191
4-136 Load versus concrete strain of specimens CONT-35, and STRE-35 (channel 3). 192
4-137 Load versus concrete strain of specimens CONT-35, and STRE-35 (channel 4).192
4-138 Load versus concrete strain o f specimens CONT-35, and STRE-35 (channel 9).193
4-139 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 10)..............................................................................................................................193
4-140 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 11)..............................................................................................................................194
4-141 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 12).............................................................................................................................. 194
4-142 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 17).............................................................................................................................. 195
4-143 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 18).............................................................................................................................. 195
4-144 Load versus concrete strain o f specimens CONT-35, and STRE-35
(channel 19).............................................................................................................................. 196
4-145 Load versus concrete strain of specimens CONT-35, and STRE-35
xxi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
(channel 20).......................................................................................................................... 196
4-146 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 5)................................................................................................................................197
4-147 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 6)...............................................................................................................................197
4-148 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 7)...............................................................................................................................198
4-149 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 8)................................................................................................................................199
4-150 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 13).............................................................................................................................199
4-151 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 14).............................................................................................................................200
4-152 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 15).......................................................................................................................... 200
4-153 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 16)......................................................................................................................... 201
4-154 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 21)..........................................................................................................................201
4-155 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 22)..........................................................................................................................202
4-156 Load versus steel strain o f specimens CONT-35, and STRE-35 
(channel 23)........................................................................................................................202
xxii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-157 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 29)..................................................................................................................... 203
4-158 Load versus steel strain of specimens CONT-35, and STRE-35
(channel 30)......................................................................................................................203
4-159 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 31).....................................................................................................................204
4-160 Load versus steel strain o f specimens CONT-35, and STRE-35
(channel 32).....................................................................................................................204
4-161 Steel strain readings in the long direction at load level 115 kN for specimens
CONT-35, and STRE-35...............................................................................................205
4-162 Steel strain readings in the short direction at load level 115 kN for specimens
CONT-35, and STRE-3.................................................................................................. 205
4-163 Steel strain readings in the long direction at load level 132 kN for specimens
CONT-35 and STRE-35................................................................................................ 206
4-164 Steel strain readings in the short direction at load level 132 kN for specimens
CONT-35, and STRE-35................................................................................................ 206
4-165 Steel strain readings in the long direction at load level 190 kN for specimen
STRE-35............................................................................................................................207
4-166 Steel strain readings in the short direction at load level 190 kN for specimen
STRE-35..........................................................................................................................207
4-167 Steel strain readings in the long direction at load level 235 kN for specimen
STRE-35...........................................................................................................................208
4-168 Steel strain readings in the short direction at load level 235 kN for specimen
xxiii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
STRE-35 208
4-169 Concrete strain readings in the long direction at load level 115 kN for specimens
CONT-35, and STRE-35...................................................................................................... 209
4-170 Concrete strain readings in the short direction at load level 115 kN for specimens
CONT-35, and STRE-35...................................................................................................... 209
4-171 Concrete strain readings in the long direction at load level 132 kN for specimens
CONT-35, and STRE-35.......................................................................................................210
4-172 Concrete strain readings in the short direction at load level 132 kN for specimens
CONT-35, and STRE-35.......................................................................................................210
4-173 Concrete strain readings in the long direction at load level 235 kN for specimen
STRE-35..................................................................................................................................211
4-174 Concrete strain readings in the short direction at load level 235 kN for specimen
STRE-35..................................................................................................................................211
4-175 Load versus central deflection of specimens CONT-0, STRE-0, CONT-25,
STRE-25 and STRE-35 (channel 38).....................................   212
4-176 Load versus central deflection of specimens CONT-0, STRE-0, CONT-25,
STRE-25 and STRE-35 (channel 33).................................................................................. 212
4-177 Load versus central deflection of specimens CONT-0, STRE-0, CONT-25,
STRE-25 and STRE-35 (channel 34).................................................................................. 213
4-178 Load versus central deflection o f specimens CONT-0, STRE-0, CONT-25,
STRE-25 and STRE-35 (channel 35).................................................................................. 213
4-179 Load versus central deflection o f specimens CONT-0, STRE-0, CONT-25, 
STRE-25 and STRE-35 (channel 36).................................................................................. 214
xxiv
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4-180 Stiffness for specimens CONT-0, STRE -0, CONT-25, and STRE -25............. 215
4-181 Ultimate Loads for specimens CONT-0, STRE -0, CONT-25,
STRE -25, CONT-35, and STRE -35..................................................................................215
5-1 Steel stress-strain curve.................................................................................................. 245
5-2 Concrete stress-strain curve...........................................................................................245
5-3 Stress and strain distribution in the unstrengthened slab cross section................... 246
5-4 FRP Stress-strain curve................................................................................................. 246
5-5 Stress and strain distribution in the strengthened slab cross section........................246
5-6 Schematic illustrating failure modes and balanced sections for CFRP
strengthened slab....................................................................................................................247
5-7 Stress and strain distribution in the balanced cross section
(concrete compression failure es = sy) for strengthened slab...........................................247
5-8 Stress and strain distribution in the balanced cross section
(FRP Ruptures Failure e^p = £frpU ) for strengthened slab................................................ 247
5- 9 Critical sections for two-way shear (critical shear perimeter) in the flat slab
of specimen STRE-35 .......................................................................................................... 248
5-10 Yield lines pattern......................................................................................................... 248
5-11 Transformed slab sections of control specimens
CONT-0, CONT-25, and CONT-35................................................................................... 249
XXV
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
LIST OF SYMBOLS
a depth o f equivalent rectangular concrete block
Afrp cross-sectional area of CFRP material
Afrp, bai cross-sectional area of CFRP material at balanced cross section of a member 
As area o f tension steel reinforcement 
As area o f compression steel reinforcement 
b width o f compression face of member
bfrp width o f the external FRP reinforcement
bj the total width o f the critical section measured perpendicular to the axis about which 
the moment acts.
h i  the total width parallel to the axis
b0 total length of the column perimeter
c distance from extreme compression face to neutral axis
Cb distance from extreme compression face to neutral axis for balanced conditions
Cc internal force due to compression in concrete
Cs internal force due to compression steel reinforcement
d distance from extreme compression face to centroid o f tension steel reinforcement,
d distance from extreme compression face to the centroid o f compression steel
reinforcement,
Ec modulus of elasticity o f concrete 
Efrp modulus o f elasticity o f FRP 
Es modulus o f elasticity o f steel 
e eccentricity o f axial load M/V
xxvi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
fc compressive stress in concrete
fc specified compressive strength o f concrete
ffrp tensile stress in FRP 
ffrpu ultimate tensile strength o f FRP 
fs tensile stress in steel reinforcement 
fs compressive stress in steel reinforcement 
fy specified yield stress o f steel reinforcement 
h overall depth of member
J polar moment o f inertia o f the critical shear perimeter 
tfrp total thickness o f FRP reinforcement 
Tfrp internal force due to tension in FRP 
Ts internal force due to tension in steel reinforcement
Y distance of the point o f maximum shear stress from the centroid o f the critical shear 
perimeter
vc shear resistance attributed to concrete
di ratio o f average stress in rectangular compression block to the specified concrete 
compressive strength 
Pi ratio o f depth o f rectangular compression block to depth o f the neutral axis
pc ratio of long side of column
yv fraction of moment transferred by shear 
sc strain in concrete
£c strain in concrete at fc
scu ultimate compressive strain o f concrete
xxvii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
8frp strain in FRP reinforcement
Efrpu ultimate strain of FRP reinforcement
ss total strain in tension steel reinforcement
es total strain in compression steel reinforcement
<j)s resistance factor for concrete
(J)  ̂ resistance factor for FRP
<|)c resistance factor for steel reinforcing bars
X  concrete density factor
ps Internal tension steel reinforcement ratio
ps Internal compresion steel reinforcement ratio
Pfrp External CFRP reinforcement ratio
Pfip, bai External CFRP reinforcement ratio at balanced cross section of a member
xxviii




Modem civilization relies upon the continuing performance o f a wide variety of 
structures ranging from residential and industrial buildings to bridges. The number of 
structures in the world continues to increase as does their average age. It has been 
estimated that the worldwide gap between needed and actual infrastructure investment 
exceeds $900 billion (ISIS Canada, 1997). In Canada, the infrastructure deficit (the gap 
between needed and actual infrastructure investment) is estimated to be $74 billion (ISIS 
Canada 1997), and the deterioration of concrete parking garages is also recognized as a 
major problem. It is estimated that repair cost exceeds $3 billion (Litvan and Bickley, 
1989). Complete replacement o f a structure is likely to become an increasing financial 
burden and is certainly a waste o f natural resources if  upgrading or strengthening is 
proven to be an effective alternative.
The most common motives for external strengthening are:
• Structural deterioration increased by environmental factors: parking structure 
and bridges are subjected to corrosion due to de-icing salts and other aggressive 
environmental factors.
• Changes in use or imposed loading: buildings may be adapted for new uses 
which increase floor or slab loading. Externally bonded plates to already built 
and in service structures will increase capacity with negligible increase in
1
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construction depth. In bridges, loads are increasing due to the increase of 
permitted vehicle weight as well as the volume of traffic.
• The need to minimize closure or disruption during repairs.
• The need to extend the useful life of a structure.
Parking structures and bridge decks are usually composed of a flat plate subjected to 
highly concentrated loads and moments. A flat plate or flat slab is a slab supported 
directly on the columns or piers without beams or drop panels. Flat slabs are preferred 
over the other types of slabs for the following reasons:
• Provide more headroom or clearance.
• Reduce formwork.
• Pleasant appearance due to absence o f beams.
The connections between the flat slab and the column are a critical part o f the structure 
because it is the place where there is a concentration o f forces and moments making it a 
weak point o f the structure. Forces applied on these connections are most often applied 
eccentrically. The eccentricity may be due to the following reasons:
• Uneven distribution of live loads on each side o f the column.
• Unequal spacing o f columns and volume change due to difference in
temperature.
• Differential creep between two adjacent floors.
• Proportion of lateral loads introduced by wind and earthquakes, even if  the
biggest proportion was carried by shear walls.
Strengthening research studies conducted in the nineteen eighties focused on steel plates 
and proved that it is a viable strengthening method. To avoid deficiencies of
2
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strengthening using externally bonded steel, strengthening using Fiber Reinforced 
Polymer (FRP) Composites fixed externally to the structure with adhesives were 
developed and investigated in many research studies in the late eighties. Due to its 
advantages over steel, such as its resistance to corrosion, high tensile strength, and light 
weight, FRP composite plates are introduced as a preferred strengthening method. An 
extensive amount of research has dealt with reinforced concrete beams strengthened with 
externally bonded FRP (Meir and Kaiser 1991; Ritchie et al.1991; Saadatmanesh and 
F.hsani .1990, 1991; Deblois et al. 1992; Triantafillou and Plevris 1992; Mckenna. 1993; 
Sharif et al.1994; Missihoun 1995). However, very little research has been conducted on 
slabs in general (Wemer et al., 2001) and even less for flat slabs strengthened with 
externally bonded FRP, from this the importance o f this research comes. The research 
work presented in this thesis will address the effectiveness of Carbon Fiber Reinforced 
Polymer to strengthen flat slab-column connections against flexural failure. CFRP is 
preferred over other types o f fiber such as glass and aramid because it has high ultimate 
strength, very good stiffness, good compressive strength, low thickness, and a low linear 
thermal coefficient and thermal expansion.
1.2 Research Objectives and Scope
The main objective o f this study is to investigate the feasibility o f using CFRP sheets as a 
strengthening technique for flat slab-column connections against flexural failure. The 
specific goals of the research are as follows:
1. Investigate experimentally ultimate strength upgrading o f flat slab-column 
connections strengthened by carbon fiber reinforced polymer sheets epoxy 
bonded to the tension side o f the slabs.
3
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2. Examine experimentally the effect o f CFRP sheets on overall behavior, mode of 
failure and deformability of strengthened slabs.
3. Study the effect of the applied load eccentricity on ultimate strength upgrading 
and failure mode of strengthened slabs.
4. Compare the experimental ultimate flexural capacity o f slabs with theoretically 
predicted capacities using CSA A23.3 standards and ISIS recommendations.
The objectives are achieved by having an experimental program and theoretical analysis 
in this study. The experimental program comprises testing six reinforced concrete interior 
flat slab-column connection specimens, three of which are strengthened externally using 
a CFRP/epoxy composite, and three are used as reference specimens. The specimens are 
tested by loading them either eccentrically or concentrically up to failure. The theoretical 
part is concerned about the applicability o f CSA A23.3 code provisions and ISIS 
recommendations to the flat slab design strengthened using CFRP. The scope of this 
study is limited to interior slab-column connections, externally-bonded CFRP and 
medium strength concrete.
1.3 Thesis Organization
Chapter II “Literature Review” is divided into two main parts. The first reviews 
external strengthening methods using FRP composite advantages and constituents. The 
second part surveys experimental research studies that were concerned with strengthening 
beams and slabs against flexural failure using externally bonded FRP composites. 
Chapter III “Testing Program” presents the experimental work with a detailed 
description of specimens’ geometry and fabrication, materials used, instrumentations, 
test-setup, and test procedure.
4
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Chapter IV “Experimental Results and Data Analysis” presents the experimental 
results o f the tested specimens. Analyze the load-deflection and load-strain curves. Study 
the effectiveness o f CFRP sheets bonded to the tension side of the slabs with focus on 
crack propagation, failure mode, yield and ultimate strength, and stiffness o f slab-column 
connections.
Chapter V “Theoretical Analysis” analyze the cracking load and the ultimate carrying 
capacity o f the tested specimens using CSA A23.3-94 standards and the 
recommendations o f ISIS (Design manual No. 4, 2001). Slab design to secure ductility by 
establishing external reinforcement ratio limits is also discussed.
Chapter VI “Conclusions and Recommendations for Future Research” summarizes 
and concludes the major results o f this research study and provides recommendations for 
future research.
5




For many years, steel was used as external reinforcement; the first documented 
application o f steel plates was reported in South Africa (Dusseck, 1980) within the year 
1964. Since then a significant amount of research in this area was carried out, especially 
in the eighties (Gemert, 1982), (Rybek, 1983), (Klaiber et al, 1987), and (Gagnadow, 
1994). This research proved that the use o f steel plates controls flexural deformations and 
crack widths, and increases the load-carrying capacity o f the member under service. 
Recognizing the limits o f the use of steel plate bonding technique, it was proposed, in the 
late eighties that, fiber reinforced polymer (FRP) plates could replace steel plates in 
strengthening applications (Mier, 1987), (Kaiser, 1989), and (Meir and Kaiser, 1991).
Fiber Reinforced Polymer (FRP) composites are comprised of fibers o f high tensile 
strength within a polymer matrix; the fibers are generally carbon or glass embedded in a 
matrix such as vinyl- ester or epoxy, forming a plate. The formed plates are fixed 
externally to structure with adhesives usually o f epoxy to promote composite structural 
action, although additional mechanical fixings may be used if  deemed necessary in 
particular circumstances.
2.2 FRP Externally Bonded Advantages and Disadvantages
We can clearly see the advantages and disadvantages o f strengthening using externally 
bonded FRP by comparing it with externally bonded steel plate as a similar strengthening 
technique:
6
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• Strength of Plates: The ultimate strength of FRP is likely to be at least three 
times the ultimate strength of steel for the same cross sectional area.
• Weight o f Plates: The density of FRP composite is only 20% of the density of 
steel; therefore, the weight o f FRP for the same ultimate strength would be only 
10% of steel plate o f the same strength. That produces savings not only in 
transportation but also during installation. Composite plates do not need heavy 
equipment such as jacking and support systems to move and fix in place.
• Versatile Design o f System: Unlike steel plates, FRP composites plates’ 
unlimited length, may be fixed in layers to suite strengthening requirements.
•  Easy and Reliable Surface Preparation: steel plates require preparation by grit 
blasting, followed by careful protection until shortly before installation. FRP 
composite plates are produced with protective layers and do not need protection 
before applying the adhesive used for installation.
•  Reduced Mechanical Fixing: composite plates are thin reducing peeling effects 
at the ends o f the plates and reduce the need o f end fixing and providing more 
head clearance than the steel plates.
• Durability o f Strengthening System: FRP composite plates are resistant to 
corrosion, while the steel plates bonded interfaces are likely to be subjected to 
degradation due to corrosion factors like alkaline, acids, salts and environment 
aggressive factors.
• Reduced Construction Period: because of the combined above advantages of 
FRP composites such as light weight o f plates, easy to transport, no need for 
heavy equipment for installation, and reduced mechanical fixing, FRP
7
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composites are installed in a reduced construction period compared with steel 
plates.
• Ability to Prestress: many researchers such as Saadatmanesh and Ehsani (1990 
and 1991), and Triantafillou et al (1992) and others conducted experimental 
studies on strengthened reinforced concrete beams using prestressed FRP 
composites. The researchers proved the ability to prestress FRP composites, 
which increased the service and ultimate load for the tested beams. This ability 
to prestress FRP composites opened a wide range o f applications for plate 
bonding.
The Disadvantages of FRP externally bonded plates could be summarized in two main 
points:
• Cost o f Plates: FRP plates are more expensive than steel plates o f equivalent 
load capacity but taking into consideration the total cost o f  installation (labor 
and access cost), the cost will be 20% less than steel plates (Crasto et al., 
1996).
• Mechanical Damage: FRP plates are more susceptible to damage than steel 
plates and could be damaged by a determined attack (punching attack using 
metallic tool such as hammer or bar) and by fire. Concerns have been 
expressed regarding the behavior o f FRP strengthened members when exposed 
to fire. A series o f tests have been carried out in Switzerland in which the 
performance o f steel and FRP plated beams was compared when exposed to 
high temperatures (Deuring, 1994). It was found that a steel plate became 
detached after a matter of minutes o f exposure whereas the FRP laminates
8
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progressively lost cross sectional area due to burning at surface, causing a 
gradual loss o f stiffness of the member, before final detachment after over an 
hour. This superior behavior is due to low thermal conductivity o f the 
composite.
2.3 FRP Composites Constituents
The primary materials in a composite are the reinforcement fiber and the polymer matrix.
1) Reinforcement
Reinforcement fibers are the principal source o f strength of FRP, stiffness and 
dimensional stability in FRPs, the most important property o f the fibers is their elastic 
modulus. Fibers must be significantly stiffer than the matrix to be able to carry most of 
the stress.
Reinforcements fall into three families o f glass, aramid and carbon, (there are other types 
of fibers but they are not commonly used). Fibers are available in a variety of 
configurations:
•  Unidirectional, where all fibers lie in one direction.
•  Bidirectional, where the fibers lie at 90° from each other; this is achieved either
by the use o f woven fabric or by the use o f separate layers o f fibers, each
unidirectional but successively laid at 90°.
• Random: the fibers are randomly distributed and are in-plane,
a) Glass Fibers
Glass fibers are very common reinforcing fibers for FRP. The principal advantages 
of glass fibers are low cost, high tensile strength, and excellent insulating properties
9
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(Nanni, 1993). The disadvantages of glass fibers are low tensile modulus, high 
density, sensitivity to abrasion and alkaline environments. The glass fibers have 
also low resistance to moisture, sustained loads and cyclic loads.
Two types o f glass fibers most commonly used in the composites industry are:
- E-glass fibers (calcium aluminoborosilicate). They are used for general purpose 
fiber where strength, electrical resistance, acid resistance, and low-cost are 
important.
- S-glass fibers (magnesium aluminosilicate). These fibers have higher strength, 
stiffness and ultimate strain than E-glass, but these fibers are more susceptible to 
degradation in alkaline environment.
b) Aramid Fibers
Aramid fibers are very tough organic synthetic fibers; they have high strength (see 
Table 1-1), high thermal stability and high stiffness, but low flexural and 
compressive resistance. Composites made with aramid fibers have medium values 
for tensile strength and modulus o f elasticity compared with carbon fibers and glass 
fibers. Aramid fibers are fire resistant and perform well at high temperatures; they 
are insulators o f both electricity and heat, they are also resistant to organic solvents, 
fuels and lubricants, and they are less brittle than carbon and glass composites.
There are two categories o f aramid fibers: low elastic modulus (Kevlar 29), and 
high elastic modulus (Kevlar 49).
c) Carbon Fibers
Carbon fibers are the predominant reinforcements used to achieve high stiffness 
and high strength. Carbon fibers (graphite fibers) produced from a precursor of
10
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polayacrylonitrile (PAN) fiber. There is an alternative to PAN, which use Pitch 
and rayon successfully utilized and commercially available. Carbon fibers exhibit 
better resistance to moisture, solvent, bases and weak acids and can withstand 
direct contact with concrete, composite materials produced with carbon fibers are 
light in weight, with strength higher than steel and stiffness, higher than both 
glass or aramid composites. For example, laminates fabricated from glass fiber 
must be three times thicker than CFRP laminates to achieve the same tensile 
stiffness for the same fiber volume fraction. Furthermore, carbon fibers have 
excellent fatigue properties and very low thermal coefficient o f thermal expansion 
in the fiber direction.
2) Matrices
The primary role o f the matrix in FRP is to provide lateral support to the fibers and 
protect the fibers from physical and chemical trauma due to surroundings. The matrix 
may also be used to impart desired physical properties to the FRP as: stiffness, strength, 
fracture toughness, thermal and electrical conductivity, and sensitivity to environmental 
factors such as moisture, chemical and ultraviolet radiation.
The most common matrix resins used are:
a) Polyester Resin
Commercial thermoset polyesters usually consist of an unsaturated ester polymer 
dissolved in a cross linking monomer such as styrene. Polyesters can be made 
quite resistant to fire, moisture, acids, and alkalies, although they are degraded by 
chlorinated solvents. The principal advantages of polyester for FRP are: low
11
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viscosity, fast cures time, dimensional stability, excellent chemical resistance and 
moderate cost.
b) Vinyl Ester Resin
Vinyl ester resins are produced by the reaction of monofimctional unsaturated 
acid, such as methacrylic or acrylic acid and epoxy resin. Vinyl ester has 
advantages over polyesters in terms of chemical resistance and high temperature 
resistance. They are easier to handle during processing than either polyester or 
epoxy and they also have better resilience than polyesters. Vinyl esters have low 
viscosity but they are at a disadvantage compared with epoxies because o f their 
high volumetric shrinkage during cure.
c) Epoxy Resin
Epoxy resins have several physical and mechanical properties: toughness, 
chemical and solvent resistance, strength and stiffness, fatigue and creep 
resistance, fiber adhesion and thermal stability, good electrical properties, high 
glass transition temperature, and low shrinkage.
There are other constituents with less importance such as: Hardeners, and additives 
(Fillers, Diluents, Flexibilisers, Tougheners and Adhesion promoters).
2.4 Adhesive Materials
The purpose o f the adhesive is to produce a continuous bond between fiber reinforced 
polymer (FRP) and concrete to ensure that full composite action is developed by the 
transfer o f shear stress across the thickness o f the adhesive layer; for this to occur, an 
excellent degree o f adhesion to the surfaces must be achieved and sustained. Experience 
has shown that the best chance o f success is likely to be achieved by using two-part cold
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curing paste epoxy adhesives which have been specially developed for use in 
construction.
Epoxy Adhesives
Epoxies represent an important class o f thermosetting adhesives which have been 
available commercially since 1940s (Mays and Hutchinson, 1992). They are the most 
widely used and accepted as structural adhesives. Epoxy has several advantages: high 
surface activity and good wetting properties for variety o f substrates, high cured cohesive 
strength, low shrinkage, and low creep.
2.5 Externally- Bonded FRP Composites Properties 
Composite materials are not homogeneous; their properties are dependent on many 
factors, such as: fibers type, quantity o f fiber (volume fraction) and configuration o f the 
reinforcement. They are generally purely elastic up to failure without yielding point or 
plasticity region. They tend to have low strain to failure (less than 3%). The mechanical 
properties o f composites are dependent on the properties o f both fiber and the matrix, the 
proportion o f each, and the configuration of fibers (if all the fibers are aligned in one 
direction then the composite is relatively stiff and strong in that direction, but in the 
transverse direction it has low modulus and low strength).
Strength and stiffness for composite would be less than the strength and stiffness for the 
fibers themselves. Glass fibers reinforced (GFRP) with E-glass fibers which have 
modulus of about 70 GPa, and the highest typical fiber volume fraction of 0.65, a 
unidirectional composite has a modulus o f about 45 GPa and a strength o f around 1300 
MPa. Carbon fibers reinforced polymer (CFRP) with carbon fibers (Toray T700) has a 
tensile modulus o f about 230 GPa, a tensile strength of around 5000 MPa, unidirectional
13
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composites produced from either epoxy or vinyl ester have matrix tensile modulus o f 
155-165 GPa and tensile strength o f 2500-3000 MPa (Hutchinson and Quinn, 1999).
2.6 Literature Review for Concrete Beams Strengthening
The main objective o f this study is to investigate the effectiveness o f using CFRP 
sheets as a strengthening technique for flat slab against flexural failure. But research 
studies concerned with strengthening using externally bonded FRP against flexural 
failure began with reinforced concrete beams strengthening (Meir and Kaiser, 1991); 
(Ritchie et al., 1991); (Saadatmanesh and Ehsani, 1990, 1991); (Triantafillou and Plevris, 
1992); (Sharif et al., 1994); and others. In this literature review, only research work 
related to flexural failure (concrete compression failure, steel yielding followed by 
concrete failure, and FRP rupture) is presented.
MacDonald and Calder (1982) studied the behavior o f concrete beams externally 
reinforced with steel plates bonded to their tension flanges. The authors tested a series of
3.5 m long and 4.9 m long beams loaded in four-point bending. Results showed that full 
composite action was provided by the adhesive and that significant improvements in 
performance could be achieved in terms of ultimate load, crack control, and stiffness. 
Exposure tests were carried out on 0.5 m unreinforced concrete beams with steel plates 
bonded to one face. Results showed that significant amounts o f corrosion o f steel plate 
may take place during natural exposure. It was also observed that there is a loss in bond 
strength at the steel-epoxy interface, resulting from the corrosion of the steel plate. The 
reduction in the overall strength o f the exposed beams was attributed to the corrosion.
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Swamy et al. (1987) studied the glued steel plates as a strengthening technique of 
reinforced concrete beams. This study investigated the effect of this technique on the first 
cracking load, cracking behavior, deformation, serviceability and ultimate strength o f the 
strengthened beams. Twenty-four beams were tested; each beam had a rectangular cross 
section o f 155 x 255 mm2 and 2.5 m long. The beams were reinforced with three 20 mm 
diameter bars at effective depth of 220 mm. Three glue thicknesses, 1.5 mm, 3 mm and 6 
mm were used, for each glue thickness, three plate thicknesses were used: 1.5 mm, 3 mm, 
and 6mm, all of constant width o f 125 mm. For comparison, several beams were tested 
with over lapping plates, double plates, and variable thickness for the glue along the 
length o f the beam. The results indicated that the addition of glued steel plates to a 
reinforced concrete beam can substantially increase the flexural stiffness, reduce cracking 
and structural deformations at all load levels, and contribute to the ultimate flexural 
capacity. The net effect of the reduced structural deformations was that the serviceability 
loads were substantially increased by the stiffening action o f the glued plates. 
Overlapping plates, precracking prior to plating, and variable glue thickness, all had no 
adverse effect on the structural behavior o f the plated beams.
Saadatmanesh and Ehsani (1991) investigated experimentally the static strength of 
reinforced concrete beams strengthened by gluing glass fiber reinforced plastic (GFRP) 
plates to their tension flanges. Five rectangular beams and one T-beam were tested; three 
different reinforcement ratios were used for tension steel, all beams were over reinforced 
for shear (except one beam) to prevent premature shear failure so the flexural behavior 
could be observed throughout the loading up to failure. All beams were strengthened by 
GFRP plates (4,260 x 152 x 6 mm) bonded to their tension flanges. The beams were
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simply supported on clear span of 4,570 mm and they were subjected to two concentrated 
loads symmetrically placed about the midspan. Beams were incrementally loaded to 
failure. The measured load versus strain in GFRP plate, steel rebar, extreme compression 
fiber o f concrete and the load versus deflection were plotted and compared with predicted 
values.
The beam reinforced with three no.8 tension rebars and two no.4 compressions rebars, 
and under reinforced for shear, the beam failed by crushing o f concrete in compression. 
Plating increased the yielding load by about 33% (yield load 300 kN). At yield load, the 
strain in GFRP plate increased at a much faster rate than the rebars indicating that the 
composite plate alone resisted further increments o f tensile component o f the internal 
moment couple after the rebars yielding. The stiffness o f the beam is reduced after 
concrete cracking at a load level of 35 kN.
The beam reinforced with two no.8 tension rebars and two no.4 compressions rebars, 
failed because o f debonding of composite plate just before reaching the crushing load of 
concrete. The debonding occurred suddenly and in a brittle manner. Plating increased the 
yield and ultimate loads by about 15% and 65% respectively.
The beam reinforced with two no.4 tension rebars and two no.4 compressions rebars, and 
the composite plate for this beam was bonded while the beam was held cambered (the 
GFRP plates became prestressed). This beam failed as a result of sudden failure of 
concrete between the plate and longitudinal steel rebars. Plating significantly increased 
the yield and ultimate loads o f the beam.
The beam reinforced with two no .8 tension rebars and two no.4 compressions rebars, and 
the beam was cambered and precracked prior bonding of the plates. The gain in the
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ultimate capacity is not as significant as in the previous beam. The failure was due to 
sudden failure of concrete layer between the plate and rebars (this beam has 
reinforcement ratio higher than previous beam).
The Beam, which had no longitudinal steel, but shear reinforcement was provided and 
GFRP plates bonded to tension flange, premature failure o f the beams occurred due to 
large tension cracks. Plating slightly increased the ultimate capacity o f the beam. The T- 
Beam plating almost doubled the capacity of the beam, yielding occurred at load 250 kN 
reducing the stiffness and additional increments in the tensile load o f rebars transferred to 
GFRP plates.
Saadatmanesh and Ehsani (1991) study indicated that significant increase in the flexural 
strength can be achieved by bonding GFRP plates to the tension face o f reinforced 
concrete beams, the gain was more significant in beams with lower reinforcement ratios, 
and reduced crack size at all load levels, but reducing the ductility o f the beams. 
Cambering the beams improved cracking behavior.
Ritchie et al. (1991) tested a series o f 16 under-reinforced beams to study the 
effectiveness o f external flexural strengthening by FRP plates (glass, carbon and aramid 
fibers) bonded to the tension side of the beams using epoxy. The Beams were designed 
according to ACI 318 Building Code; reinforcement ratio was 0.67 %  approaching the 
minimum required reinforcement ratio to avoid brittle failure of the concrete in 
compression. The beams were 6 inches wide, 12 inches deep and 9 feet long and they 
were over reinforced in shear to avoid brittle shear failure. Two unstrengthened beams 
were used as a control beams. The other beams were strengthened using externally
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bonded plates. The plates’ properties are summarized in the Table 2-3. The beams were 
tested in four-point bending over an 8-ft simple span plate. Different plate’s dimensions 
(width, thickness, and length) were used in strengthening each beam. The concrete and 
the rebars strain gages were installed along the center line of the beams. Dial gages for 
measuring centre line deflection were used. The beams were tested to ultimate load. 
Control beams were loaded to failure in one cycle while strengthened beams were loaded 
in cycles, and the loading was force-controlled. The mode of failure for the control beams 
was characterized by steel yielding followed by concrete crushing. For most of plated 
beams the failure mode was controlled by internal steel yielding and shear failure through 
concrete. But beams strengthened with (0-Random) pultruded fiberglass sheet failed due 
to plate fracture. The beam strengthened with a mild steel plate failed by concrete 
crushing. The crack patterns developed similarly for all plated beams, cracking appeared 
at higher load compared with control beams, and vertical flexural cracks took place.
The stiffness of plated beams increased between 17% and 99% over the working load 
range and a strength increase was from 19% to 99%. The ultimate strength increase was 
28% to 97%. The plated beams cracks pattern shifted from several widely spaced and 
large width cracks to many more closed spaced narrower cracks which is good for 
serviceability. Midspan deflection versus midspan moment curve demonstrated brittle 
behavior at failure for the FRP plated beams, no yield plateau was observed. This yield 
plateau is usually associated with the failure of the unplated beams reinforced by 
conventional steel. Extending the plate length is the easiest and most preferable way to 
lower the average anchorage stresses.
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An iterative computer method was developed to obtain flexural strength and central 
deflection o f the strengthened beams. The distance between neutral axis and top 
compression fiber were divided to ten slices. The compression stress was found for each 
slice using a stress-strain curve. Multiplying the stress by the area o f the slice gives the 
compressive force. Similar method was used to determine the two tensile forces in steel 
and FRP plate. The moment is determined by summing the ten compressive forces and 
two tensile forces times their moment arms about a single point. The deflection was 
found using the moment-area method. The predicted results by this method were in better 
agreement with experimental results rather than those obtained using ACI 318 Building 
Code.
Meier and Kaiser (1991) investigated the effect o f carbon fiber reinforced plastics 
(CFRP) post-strengthening technique for 26 flexural beams (steel reinforced concrete 
beams) of two meters span and one beam of seven meters span. All Beams were 250 mm 
width 150 mm depth with 120 mm effective depth. CFRP laminate was (0.3-1 mm) thick, 
200 mm wide bonded to the tension side o f the beams using epoxy resin adhesive. Beams 
were loaded using four-point bending system.
The two meters span beam strengthened with (0.3 x 200 mm2) CFRP laminate doubled 
the ultimate load compared with the unstrengthened beam. The deflection at this load (the 
ultimate load), however, was half that o f the unstrengthened beam. In the case of the 
seven meters beam with a typical steel reinforcement and a 1 mm CFRP laminate, the 
increase o f the ultimate load was about 22%. After the appearance o f  the first cracks in 
the concrete, the internal steel bars reached yielding; only the CFRP laminate contributes
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to additional increase of the load. In the final stage of loading the laminate failed in a 
brittle manner. The following failure modes were observed in the tests: tensile failure of 
the CFRP laminate, classical concrete failure in the compressive zone of the beam, and 
continuous or sudden peel-off of the CFRP laminate.
Triantafillou and Plevris (1992) studied through experiments and theoretical analysis 
FRP- strengthened concrete beams. Eight concrete beams tested in four-point bending to 
study the effect o f the FRP area fraction on the failure mechanism, the ultimate moment 
capacity and the stiffness of strengthened beams. Seven of the beams were strengthened 
with unidirectional CFRP plates bonded to the tension face o f the beam by epoxy; one 
beam was used as a control specimen. External reinforcement ratios were between 0.09% 
and 1.26%.
All beams were loaded up to failure, simply supported with equal point loads applied 
symmetrically to the mid-span. The control specimen failed by excessive yielding o f the 
steel reinforcement, two specimens failed by steel yield and FRP rupture, and five by 
debonding due to peeling-off o f the composite. FRP rupture and debonding due to 
peeling o f the FRP produced sudden drop in the load-deflection curves. The bending 
moment capacity and the stiffness o f the strengthened beams were superior compared to 
control specimen. The beneficial effect o f the fiber-composites sheets is more 
pronounced for small steel reinforcement ratios. The increase o f bending capacity 
becomes insignificant when failure is governed by compressive crushing o f the concrete.
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Sharif et al. (1994) experimentally investigated the repair of initially loaded reinforced 
concrete (RC) beams with epoxy-bonded fiber glass reinforced plastic (FRP) plates. Their 
primary interest was to achieve full flexural capacity o f the strengthened beams. Ten 
beams (150 x 150 x 1250 mm) were made with reinforcement ratio 0.98 % and over­
reinforced in shear, three layers of woven roving fiber glass embedded in a plastic matrix 
bonded to the soffit o f the beams using epoxy resin. All beams were simply supported 
and subjected to two concentrated loads, preloaded to 85% of the ultimate flexural 
capacity and eight o f them repaired with glass FRP plates. The beams were divided into 
four groups, depending on the plate thicknesses which varied between 1 mm to 3 mm and 
in anchorage set up in the shear span. The experimental results compared to unrepaired 
control beam loaded in two cycles (loading- unloading- reloading to failure). Beams with 
low plate thickness (1 or 2 mm) developed flexural failure either by plate rupturing or 
crushing o f concrete with ductile behavior compared with control beam. These beams 
had an increase of yielding strength by 43% to 51% and ultimate strength by 47% to 23% 
over control beam. While high plate thickness caused premature failure due to plate 
separation at the plate curtailment. The bolted anchorage eliminated the plate separation 
but created another mode o f failure emerged due to the formation o f diagonal tension 
crack at the shear span. Beams strengthened with an I shaped jacket made o f FRP plates 
failed flexurally eliminating plate separation and diagonal tension failure. It has been 
proved that beams repaired with FRP plate developed their flexural capacities with 
enough ductility despite the brittleness o f FRP plates indicating the effectiveness o f FRP 
plates for strengthening and repairing. The authors calculated the flexural strength of the 
repaired beams by means o f a simple flexural theory based on the ACI 318 ultimate
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strength method considering strain hardening in steel. The fiberglass strain at the extreme 
bottom fiber is assumed. From compatibility and equilibrium, using trial and error 
process, the flexural strength is computed, good agreement with experimental results 
were obtained.
Chajes et al. (1994) tested and studied a series of reinforced concrete beams to 
determine the ability o f externally bonded composite fabrics to improve the beams 
flexural capacity. Experimental program consisted of fourteen under reinforced 
rectangular concrete beams with span lengths of 1.12 m and cross-section 76.2 mm x 127 
mm, divided to five sets. The first set was three control beams with one conventional 
reinforcement ratio (1 # 3 bars); three sets of three beams each having the same steel 
reinforcement as the control beams but with additional, externally applied aramid fiber 
(the second set), E-glass fiber (the third set) and carbon fiber fabric reinforcement (the 
fourth set); and two beams (the fifth set) having twice (2 # 3 bars) the steel reinforcement 
o f the control beams with no external strengthening. All beams were designed to fail in 
flexure according to ACI 318-89 Building Code. The strengthened beams were designed 
so that the tensile capacity o f the fabric was close to the yield load of the additional 
reinforcement o f the fifth set. The beams were strengthened using different numbers of 
fabric layers: one layer o f aramid fabric, three layers o f E-glass and two layers o f carbon 
fabric, a two-component epoxy were used for bonding the fabric on the tension side of 
the beams, and two schemes for ends configuration by adding tabs in one o f the 
strengthened beams in each set at the end of the sheets. The beams were monotonically 
loaded to failure in four-point bending.
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The general flexural behavior at failure of all strengthened beams was similar, although 
the flexural stiffness and final mode of failure varied depending on the fabric used. Like 
control beams the strengthened beams also developed flexural cracks at loads around 
2 kN, after cracking the beams continued to deform at stiffness values between that o f the 
control beams and the beams having additional steel reinforcement. At load around 12 kN 
the steel o f these beams began to yield as demonstrated by the noticeable change in 
flexural stiffness seen in load versus midspan deflection curves. Those beams exhibited a 
greater amount than control beams of flexural stiffness until failure after yielding o f steel 
at load between 12 kN and 17 kN. All beams with E-glass and carbon fabrics beam failed 
in rupture o f fabrics.
The increase o f ultimate flexural capacity ranged between 33.6% to 57% and it was 
almost similar to the increase obtained by the additional internal reinforcement. Stiffness 
increased in the working load region from 45% to 53%. Theoretical analysis based on the 
following assumptions: (i) plane sections remain plane; (ii) no slip between the 
longitudinal reinforcing steel and the concrete; (iii) no slip between the impregnated 
composite fabric and concrete; (iv) no shear failure o f the concrete adjacent to the bonded 
fabric; (v) concrete carries no tension; and (vi) maximum strain in the concrete in 
compression is 0.003. An iterative computer method was developed to obtain flexural 
strength by assuming the value o f compressive concrete strain and obtain the neutral axis 
location and resultant forces. The theoretical analysis developed results differed by 17% 
to 4.5% from the experiment in the strengthened beams, which considered small 
compared to predicted strength o f control beams which differs by approximately 20% 
from the experiment.
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Heffeman and Erki (1996) examined the behavior of reinforced concrete beams 
strengthened, using carbon fiber reinforced plastic (CFRP) sheets using an experimental 
program conducted on five concrete beams of various tensile reinforcement 
configurations designed according to CSA-A23.3.
Three under reinforced concrete beams of dimensions (150 x 300 x 2000 mm3) were 
cast with three different tension reinforcement configurations. The first specimen is a 
full-strength beam (reinforced by 2 # 20 and 1 # 10), the second beam is an under 
strength with less reinforcement ratio than the first beam (reinforced by 2 # 20 ), and the 
third beam is an under strength (reinforced by 2 # 20) but strengthened with CFRP 
sheets; compression steel were provided for the three beams. Seven layers o f CFRP 
sheets (unidirectional carbon fiber laminate impregnated with epoxy resin) with cross 
section o f 149 mm2 bonded to the tension side o f the strengthened beam. In addition, two 
beams o f dimensions (300 x 574 x 5000 mm) were cast, the first is with full strength 
(reinforced by 3 # 25) and the second is an under strength (reinforced by 2 # 25 and 1 # 
20) strengthened by five layers o f (255 mm ) o f CFRP sheets. All beams were simply 
supported, and loaded using monotonic static four-point loading to failure. The curves of 
the load versus center span displacements for the loaded beams were plotted. These 
curves illustrated the linear behavior o f the strengthened two meters long beam in the 
range between cracking and yielding o f the tensile steel. This behavior was similar to the 
full strength two meters long beam. After yielding the beam continued to resist increasing 
load but with less stiffness. This increase of resisted load continued until CFRP sheet 
failure. After failure o f the sheets, the load versus displacement curves dropped off in a
24
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
sharp manner. Failure of the CFRP sheets occurred in shearing or peeling fashion, 
originating at flexure-shear cracks. The resistance moment of the strengthened beam at 
yielding o f steel was 9% higher than the full strength beam and 30% higher than the 
under strength beam. The stiffness o f strengthened and unstrengthened beams was similar 
before yielding but it was much higher for the strengthened beam after yielding. The 
strengthened five meters long beam behaved very similar to the two meters long beam 
with increase of the moment resistance 8% compared to conventional full strength beam. 
Equivalent Stiffness Design Method developed by Heffeman and Erki (1996) to design 
beams strengthened with CFRP sheets, to yield at bending moment similar to 
unstrengthened beam (has higher internal or steel reinforcement ratio). This method 
showed good agreement with the experiment results with error varying between 3.1% and 
5.8%.
Norris et al. (1997) experimentally and analytically investigated the behavior of 
damaged or under strength concrete beams retrofitted with thin carbon fiber reinforced 
plastic (CFRP) sheets bonded by epoxy to the tension face of the beams. A computer 
program was developed to perform the numerical analysis and plot the load versus 
deflection and load versus strain throughout the entire range o f loading up to failure. 
Similar to the flexural analysis o f a traditionally reinforced beam, a compressive force 
was assumed in the concrete in the top part o f the section, balanced by tensile forces in 
the rebar and FRP below ignoring the contribution o f the FRP sheets bonded to the web 
in calculating the flexural strength o f the beams.
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Nineteen concrete beams (127 * 203 x 2,440 mm3) were cast. Thirteen o f them were 
flexural test specimens, over reinforced for shear to prevent shear failure with 
reinforcement ratio p = 0.67 % close to the minimum allowed by ACI 318-95 code. The 
beams were simply supported and loaded at quarter points. Another six (127 x 203 x 
1,220 mm) beams with high flexural reinforcement ratio o f 1.93% were tested for shear 
failure. These beams were simply supported and loaded close to the center. Two control 
specimens were used, the first was designed for shear failure and the second was 
designed for flexural failure. Three types o f FRP systems were used: the first system 
consisted o f  two layers of 1 mm thick continuous fiber sheets and epoxy (commercially 
available); the second system consisted o f two layers o f 1 mm thick unidirectional fabric 
and rubber toughened epoxy; and the third system consisted o f one layer 1.5 mm thick, 
cross ply fabric with the same epoxy used in second system. The fiber orientation with 
respect to the axis of the beam was used as a variable in the tests. FRP fibers were 
applied in the first and the second systems in three orientations with respect to beam axis 
(0°, 90°, and ±45°). The fibers were applied in the third system in two orientations (90°, 
and ±45°). Fibers consisted o f two layers and bonded to the flange (tension side) and web 
of the beams with different configuration for web strengthening.
Most o f the beams were loaded beyond concrete cracking strength before installing the 
FRP systems, but some were strengthened before loading used as reference specimens. 
There was no difference in behavior between the precracked beams and uncracked at the 
ultimate level. The most significant differences were due to various fiber orientations and 
web coverage. The flexural retrofitted beams showed higher stiffness and higher yielding 
and ultimate load with increase ranged from 20% to 100%. When the CFRP fibers were
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placed perpendicular to the cracks in the beam, large increase in stiffness and strength 
was observed, however failure was brittle.
Ross et al. (1999) studied flexural strengthening o f reinforced concrete beams by 
external bonding of fiber reinforced plastic (FRP) plates to the tension face o f the beam. 
The experimental program consisted o f twenty-four rectangular under-reinforced 
concrete beams (200 x 200 x 3050 mm), concrete compressive strength 54.8 MPa, and 
steel yield strength 410 MPa. The beams were divided to six groups representing six 
reinforcement ratios between ACI 318 minimum (pmjn = 0.33%) to the maximum (pmax = 
3.5%). The CFRP plates were a three-ply uniaxial laminate (0.45 * 203 x 2740 mm3), 
Afrp = 90.3 mm2, 2.206 GPa tensile strength and 138 GPa tensile modulus, bonded to 
beams using two-parts epoxy. In each group, one beam is used as control specimen; the 
beams were loaded in three-point bending to failure over 2.74 m span.
Two basic failure modes were exhibited by the strengthened beams: for the heavily 
reinforced beams, failure was by crushing of the concrete in the compression zone 
accompanied by horizontal cracking in the tension zone in the vicinity o f the tension 
steel. Failure in the light-to-moderately reinforced beams occurred by delamination 
between CFRP plate and the adhesive. The authors concluded that significant flexural 
strength enhancement is obtained in lightly reinforced beams (p < 0 .01 ) by bonding very 
thin FRP plates to the tension face of the beam, and for more heavily reinforced beams 
comparable strength enhancement requires an increased amount o f FRP or a comparable 
composite ratio.
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Rahimi and Hutchinson (2001) examined the structural behavior o f reinforced concrete 
beams strengthened with adhesively bonded fiber reinforced plastics (FRP). The 
experiments included flexural testing o f 32 (2,300 mm long x 200 mm wide * 150 mm 
deep) concrete beams. Beams were divided to three types according to its conventional 
(steel) and external (FRP) reinforcement, details are summarized in Table 2-4. 
Compressive conventional reinforcement ratio is 0.42% for all beams. FRP plates were 
1,930 mm long (the span length) and 150 mm wide. Epoxy used as an adhesive to bond 
the plates to the tension side of the beams. Two beams type B loaded to 80% o f their 
ultimate strength to cause cracks and some permanent flexural deformation. Then the two 
beams were strengthened with 0.8 mm CFRP plates. All beams were simply supported 
and loaded under four-point bending using increment o f 5 kN up to failure.
By analyzing the midspan deflection versus load curves, it was clear that all beams 
strengthened externally performed significantly better than the control (unplated) beams 
in terms o f strength and stiffness. Even beams of type B with very thin CFRP plates and 
low reinforcement ratio (0.65%) gain strength higher than type C control beam with 
conventional reinforcement ratio (1.68%). Concrete crushing occurred with recorded 
strain around 3,500 pe in the three types o f beams. But beams in type A and B with high 
external strengthening plate’s thickness premature failure occurred with no concrete 
crushing at ultimate load. GFRP strengthened beams had less ultimate load than CFRP 
strengthened beams. But GFRP plates were strained higher than CFRP plates at the same 
load level to failure due to its lower modulus o f elasticity. The increase o f strength in 
steel-plated beams was less than the beams plated with equivalent FRP cross section. 
Tests showed that there was no reduction in the load carrying capacity o f the CFRP-
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plated test beams as a result of preloading. The stiffness increase o f FRP was significant 
in post cracking range and it was higher than steel-plated beams after yielding of plates. 
In general, the strength and stiffness o f the beams increased with the increase in modulus 
o f elasticity and amount o f applied external reinforcement. For every type o f plate- 
bonded beam there is a limiting point beyond which no further increase in beam strength 
can be obtained.
Bonacci, and Maalej (2001) compiled and analyzed an experimental database o f 127 
conventionally reinforced concrete beams strengthened in flexure with externally bonded 
fiber- reinforced polymers obtained from 23 separate studies. A profile o f specimens in 
the database has been presented, followed by analysis of trends in: failure mode, strength 
gain, and deformability.
Bonnaci and Maalej (2001) established:
• Three independent variables indexes:
-1) Over or under reinforcement index: A f
A effs.bal
A f  the effective tensile reinforcement area (FRP plus steel).
A f bal\.he effective tensile reinforcement area corresponding to balanced 
failure.
A eff




-3) Bonding index: =
A E
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AaEa and As Es the axial rigidities o f the FRP and tension steel, respectively.
• three dependent variables indexes:
-1) Strengthening Ratio (SR) = Strength of beam with externally bonded FRP/ 
Strength o f control beam.
-2) Deflection Ratio (DR) = Central deflection at peak load for strengthened 
beam / central deflection at peak load for control beam.
-3) Efficiency ratio (a&p) = maximum reported strain (ea) in FRP material/ strain 
rupture (sau) in FRP material.
The authors found by analyzing the database that most o f specimens were not subjected 
to sustained loading or damage so this data interpreted from strengthening point o f view 
rather than repairing. Reported failure modes for the specimens included in the database 
were 63% by debonding of FRP, 16% by tensile rupture o f FRP, 12% by concrete 
flexural compression and 9% by beam shear.
FRP efficiency ratio dfip decreases (premature failure) with increasing of K&p values, 
most FRP rupture cases associated with low K^p values. Strengthening ratio (SR) 
increases to 1.5 were only reached for beams with steel flexural reinforcement ratios o f 
1.25% or less. There is a general trend o f decreasing deflection ratios with increasing 
bonding index. So by limiting Aa Ea / As Es ratio, it is possible to prevent or delay 
debonding type failure as well as ensure adequate deflection capacity.
Conclusions:
Research studies investigating external strengthening beams in flexure using FRP showed 
significant increase in the ultimate capacity o f the strengthened beams. However, beam
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ductility was decreased for beams strengthened with high external reinforcement ratio. 
Ultimate strength upgrading was higher for beams reinforced with low steel 
reinforcement ratio than beams with high reinforcement ratio. Shear failure can be 
prevented by limiting the cross section of FRP and its thickness.
2.7 Literature Review for Slabs Strengthening 
Arockiasamy et al. (1996) conducted research on the flexural strengthening of beams 
and slabs using FRP external plate bonding with emphasis on the failure modes and the 
anchorage mechanisms. The authors tested six reinforced concrete beams 
(254 x 254 x 2591 mm3) reinforced with 2 # 4 (imperial) at the bottom and 2 # 3 
(imperial) at the top. CFRP plates were bonded to the tension side o f the beams. The load 
was applied with constant increment up to ultimate capacity. All beams failed by concrete 
crushing with significant increase in the ultimate flexural capacity from 11% up to 94%, 
deflections and crack widths exhibited a significant reduction with increasing number o f 
CFRP plates from 1 to 3.
Two solid slabs (1219 x 305 x 4420 mm3) and two voided slabs (1194 x 203 x 6553 
mm3) were precracked by loading them up to their ultimate strength, one o f each type 
were unloaded, repaired with CFRP plates and loaded to failure. Failure mode for the 
retrofitted solid slab was by crushing o f concrete at midspan, whereas concrete crushing 
of the control precracked slab was at the load point. The results showed that retrofitting 
enhanced significantly its flexural capacity (approximately 90% o f uncracked slab). The 
retrofitted voided slab exhibited a sudden and catastrophic failure because o f local 
concrete crushing failure. The retrofitted slabs exhibited larger deflection than the control 
precracked slabs at both service and ultimate loads.
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Kikukawa et al. (1998) investigated the effect o f carbon fiber textile as a flexural 
strengthening to deteriorated reinforced concrete floor slab by cutting out six specimens 
from existing structure aged more than 70 years. The specimens dimensions were 1000 
mm width and 4200 mm length, while the thickness ranged from 330 to 380 mm from the 
center to the perimeter, reinforced in the main (long) direction by 16 mm at 100 mm and 
in the distributing direction by 9 mm at 350 to 450 mm at the bottom. Deterioration of 
concrete at lower surface and corrosion and exposure of reinforcing bars were observed.
Two control specimens and two repaired by carbon fiber textiles with method A and two 
repaired by the fiber with method B, the fiber sheet width was 330 mm and thickness was 
0.167 mm. The method A comprises sectional recovery by primer, epoxy resin and a 
polymer cement, then finishing by carbon fiber impregnated with epoxy resin bonded to 
the tension side of slabs. The method B followed the same steps for method A but 
beginning with surface roughness by sand grinders. The slabs were simply supported 
(4000 mm span) loaded in two points till deflection becomes 40 mm or fiber fracture.
Flexural cracks initiated at loading point in all specimens with significant increase in the 
cracking and ultimate loads in the strengthened slabs. Slabs strengthened with method A 
had less cracking, ultimate load and bonding stress o f CFRP than those strengthened with 
method B. Method A slabs had a peeling failure o f the fiber polymer cement interface 
while method B slabs failed by fiber fracture. Method B slabs had increase of strain in 
steel rebars till yielding to observe rapid increase in strain in CFRP plates after that until 
failure.
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Seim et al. (2001) investigated the effect of externally bonded fiber-reinforced 
polymer composite strips and fabric to the soffit o f thirteen (2,290 * 480 x 102 mm3) 
one-way slabs tested to failure, reinforcement ratio was 0.54%. Two slabs were used as 
reference specimens, three were reinforced externally with unidirectional carbon fiber 
fabric impregnated with an epoxy, seven were reinforced externally with pultruded 
carbon FRP composite strips, and a single slab was strengthened through the application 
of a glass fiber chopped layer that was sprayed on. Two different areal weights of 
unidirectional carbon fabric were used: at 328 g/m3 and 677 g/m3. Pultruded strips (50 
mm width) were used in pairs (one pair for each slab) with 240 mm centre-to-centre 
spacing with variable lengths (1,830; 1,460; and 1,090 mm), two adhesive thicknesses (1 
and 5 mm). In the case o f the fabric and sprayed composite, the FRP was applied over the 
lull width o f the slab. The slabs was simply supported 2,030 mm span loaded in the 
center resulting three point flexure test condition, each slab loaded up to theoretical yield 
load in four steps and was then cycled three times before loading monotonically to 
failure. In slabs strengthened with pultruded strips the ultimate strength increased by 1.9 
times and yield load by 2.7 times, the use o f thicker layer o f adhesive did not result in 
significant difference. The length o f strip had insignificant effect. Most slabs failed in 
flexural mode, some failed because of the delamination of thin layer o f concrete cover 
underneath the FRP strips. The slabs strengthened by CFRP sheets failed either by tensile 
fracture of fabric or flexural shear after exceeding the shear capacity o f the slab. The slab 
strengthened with a layer o f sprayed glass fibers showed significant ductility but the 
overall capacity was lower than the other slabs strengthened with pultruded strips or 
CFRP sheets.
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It has been noticed from this study that the overall response o f the slab changed from the 
conventional ductile failure associated with yielding o f steel reinforcement to a more 
sudden failure associated with separation o f the FRP composite from the concrete 
through the concrete cover and/or tensile rupture of the FRP composite. It is seen that the 
use of fabric covering the entire width of the slab results in a more uniform and even 
shear stress development, although the amount of fiber actually used is significantly 
higher than that in the strips. The use o f fabric layers that completely covers the surface 
resulted in significantly higher load-carrying capacity and also enhanced greatly the 
deformation capacity. A comparison o f deformation levels at ultimate loads shows that 
the use o f CFRP results in 50% to 70% higher levels o f deformation than that achieved 
with the prefabricated FRP strips.
Teng et al. (2001) experimentally studied reinforced concrete cantilever slabs bonded 
with glass fiber-reinforced polymer (GFRP) strips. Ten cantilever slabs in three series 
were tested (500 mm width, 100 mm depth and 700 mm length), a supporting wall 
segment was cast together with the slab, the three series o f specimens corresponded to 
three different steel reinforcement ratios: 0.503%, 0.283% and 0.785%. In each series, 
three specimens were tested. The first specimen was a control specimen, the second and 
third were strengthened with two single- layer GFRP strips o f two different widths o f 40 
and 80 mm, and 750 mm length. The GFRP sheets bonded in parallel onto tension face of 
the slab and anchored into slots in the wall. The GFRP external reinforcement ratios 
were: 0.203% and 0.406%. The load was applied by hydraulic jack 600 mm from the wall 
surface.
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Two modes of failure were observed in the strengthened slabs: complete debonding of 
FRP strips or FRP rupture. The debonding failure occurred in the concrete immediately 
below the interface and neither the FRP strips nor the compression concrete reached their 
ultimate strains at failure. AT rupture failure the compression concrete did not reach its 
ultimate strain. Although the ductility o f strengthened slabs which failed by debonding 
was less than RC unstrengthened slabs. But the fact that more load can be applied on 
these slabs after initial debonding makes this form o f ductile behavior giving useful 
warning provided the applied load does not exceed the ultimate load. GFRP strengthened 
slabs experience a reasonable strength increase in ultimate strength knowing that the 
important factor appear to be the FRP strip width and thickness on debonding behavior.
Abdelrahman (2001) strengthened, flat slabs o f two floors in multi-storey reinforced 
concrete building with CFRP plates. The CFRP plates were at the top and the bottom of 
the slabs to upgrade their flexural capacity by 35%. The punching capacity of the slab 
was satisfactory without strengthening. Finite element analysis and analytical method 
using strain compatibility were used to design the strengthening scheme. CFRP plates 
were unidirectional carbon fibers bonded to the concrete with two-components o f epoxy 
resin. The plate’s ultimate tensile strength was 2800 MPa, the elastic modulus o f 165 
GPa. The plate’s dimensions were 50 mm wide and 1.2 mm thick with fiber volumetric 
content o f 68 percent. The maximum spacing between CFRP strips equals five times the 
slab thickness and minimum spacing 100 mm. Design o f CFRP plates was calculated 
according to the ACI 318 and 440 codes.
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Normal strength based on the flexural, shear, and bond capacity o f the section were 
evaluated relying on the following assumptions: concrete compression crushing strain 
was 0.003 and the rupture o f CFRP plate at ultimate strain was 1.7%, and delamination of 
CFRP and anchorage failure or local failure were assumed and checked. Ductility 
requirement were satisfied by limiting the maximum percentage o f CFRP plates so that 
the strain in the steel reinforcement exceeds 0.5 % ensuring the tension steel yielding and 
enough deformation. Mechanical anchorage system was added to CFRP plates, 
perpendicular to the edges of the top surface of the slab to avoid debonding or local 
failure. Due to long column side up to 1.5 m CFRP strips were installed around the 
column on the top surface o f the slabs in both directions, transversely and longitudinally 
to resist maximum negative bending moment in these zones. The strength of slab cross 
section at slab-column connections has been checked by finite element analysis to be 
found satisfactory. Loading tests conducted by applying uniform dead load on the top 
surface o f the largest two bays of the slab proved successful strengthening. Most o f the 
deflection was rebound after removing the load, and residual deformation was only 6 
percent o f the recorded deflections.
Ebead et al. (2002) experimentally and analytically studied, using finite element 
analysis, the strengthening of two-way slabs using FRP laminates and sheets to correct 
flexural deficiency. Six square slabs were tested, two strengthened with CFRP strips and 
two strengthened with GFRP strips. The reinforcement ratios for each group of two slabs 
were 0.35% and 0.5%, respectively. The concrete compressive strength was 35 MPa and 
steel rebars were CSA grade 400.
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GFRP laminates were unidirectional glass fiber reinforced plastics, with 1 mm thick for 
one layer; two layers were installed in the center o f the slab 300 mm width in both 
directions extending to both ends o f the slabs. CFRP laminates were Pultruded Carbon 
Fiber Reinforced Plastics, with 1.2 mm thickness for the layer used in same configuration 
as GFRP strips. Epoxy resin was used to bond the FRP laminate and sheet to the tension 
side of concrete slab surface. The specimens were simply supported along the four edges 
with comers free to be lifted and were axially loaded through the column stub extending 
850 mm above the slab and did not continue through the slab.
Strengthened specimens showed a gain in the ultimate load capacity compared to the 
control specimens. Specimens with GFRP-O.35% and specimens with CFRP-0.35% 
showed an increase in ultimate load capacity of 38% and 44.4%, respectively. Specimens 
with GFRP-0.5% and specimens with CFRP 0.5% showed an increase o f 25.8% and 
36.4% in the ultimate load capacity respectively. Flexural strengthening by CFRP raised 
the ultimate load capacity by 29% over GFRP strengthening.
Ebead and Mazouk (2002) introduced a strengthening technique o f two-way slabs 
using steel plates and steel bolts. They evaluated the effectiveness of two configurations 
o f steel plates and four different arrangements o f steel bolts through experiments. Five 
slabs were constructed on a simulated model of a flat slab part enveloped by contra 
flexure lines along which bending moment values vanish.
The slabs dimensions are 1900 x 1900 x 150 mm2. The columns have a cross section of 
250 x 250 mm2 and were located at the slab center. The slabs were simply supported 
along the four edges and loaded through the column stub, and reinforcement ratio was
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1%. One o f the slabs was used as a control specimen. The other slabs were strengthened 
by steel plates extended to twice the slab depth around the column acting as a drop panel 
o f an equivalent concrete depth. The steel plates were bonded to the upper and lower 
sides o f the slab using epoxy resin and steel bolts. These bolts were used as vertical shear 
reinforcement to insure a complete interaction between steel plates and concrete slab. A 
different number o f bolts and two different plate shapes were used in the experiment.
Strengthening was applied after loading each slab by 50% of the ultimate load o f the 
control specimen, and then loaded concentrically to failure. The average increase o f the 
yield and ultimate load of the strengthened slabs over the control one were 50% and 53%, 
respectively. It was observed that increasing the bolts number from 8 bolts to 16 bolts 
would increase the ultimate capacity by 5%. The strengthened specimens showed stiffer 
behavior; the average increase o f ductility was 29% and comparison with experimental 
results showed that ACI 318-95 code specifications are sufficient to estimate the flexural 
capacity o f the strengthened slabs.
Harajli and Soudki (2003) investigated, through experiments, the problem punching 
shear capacity o f interior slab-column connections strengthened by flexible carbon fiber- 
reinforced polymer (CFRP) sheets. Sixteen (670 * 670 mm2) slabs with different slab 
thickness 55 and 75 mm and reinforcement ratios o f 1% and 1.5% were tested. In total, 
twelve specimens were strengthened using CFRP sheets and the remaining four 
specimens were kept as controls. The CFRP sheets were bonded in one or two layers to 
the tension face of the specimens in two perpendicular directions parallel to the internal 
ordinary steel reinforcement. The slabs were simply supported over the four edges
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permitting the comers to lift when load was applied. The slabs were centrally loaded 
through the column stub, the load increases monotonically up to failure.
All the slabs failed in punching except three that failed in flexural punching. The 
authors concluded that the use o f CFRP increases the flexural stiffness and significantly 
improve the punching shear strength. This increase depends on the area o f CFRP sheets 
used, the slab thickness and the reinforcement ratio, the increase varies between 17% and 
45% of the punching shear strength. Providing CFRP in two layers increased the 
horizontal shear between the CFRP and the concrete surface and led to premature bond 
failure o f the CFRP sheets. The measured stress in the CFRP sheets at failure varied 
between 22 to 69% of the tensile strength o f the CFRP sheets. CFRP sheets improved the 
shear strength o f the slab by restricting the growth of tensile cracks or increasing the 
flexural strength o f the connection which increased from 26% to 73%. The increase of 
the flexural strength, as a result o f the use of CFRP, may modify the failure mode from 
pure flexural mode to combined flexural- shear mode or pure punching mode reducing 
the ductility of the system.
Comparing the experimental results and prediction equations in which the two-way 
shear strength is expressed as a function of the flexural strength o f the connection showed 
that the experimental results can be predicted with reasonable accuracy when the 
contribution of CFRP sheets to the flexural strength is taken into account, while the code 
design equations CSA A23.3-94, ACI 318-99 were conservative compared to the 
experimental results.
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Mosallam et al. (2003) experimentally and analytically evaluated the ultimate 
response o f unreinforced and reinforced concrete slabs repaired and retrofitted with fiber 
reinforced polymer (FRP) composites strips. Ten full-scale two-way slabs (2670 * 2670 
x 76 mm) unreinforced and reinforced concrete slabs repaired and retrofitted with two 
layers carbon/epoxy or three layers o f E-glass/epoxy composite. In addition, two more 
specimens were loaded up to 85% of the expected ultimate load for subsequent repair. All 
tested slabs were simply supported on all four sides having two-way action, the load was 
applied uniformly to the bottom surface o f the slab (top surface being in tension) using 
high-pressure water bag. The top (tension) reinforcement was # 3 at 305 mm equal 
spacing in both directions. The carbon/epoxy laminates bonded to the tension side o f the 
slabs in two layers having 457 mm width in both directions and spaced at 457 mm.
This research confirmed that the FRP systems have succeeded in upgrading the structural 
capacity o f both reinforced and unreinforced two-way slabs. Unreinforced repaired slab 
restored their original capacity, the failure preceded by relatively large deformations 
providing enough visual warning before ultimate failure. There was no failure in the 
composite but localized compression failure o f the concrete was the common failure 
mode.
Szczerbicki and worth (2004) investigated the feasibility o f a structural slab system 
comprising o f a plate of carbon fiber reinforced polymer (CFRP) in tension and concrete 
in compression. The CFRP plate serves as a permanent formwork. The specimen is one­
way slab with a 1 m long and a thickness o f 50 mm. Corrugated CFRP profiled sheet 
supported by corrugated steel sheet used as the mould were laid at the bottom of the slab
40
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
(tension side) carrying the wet concrete during construction phase, its elastic modulus 
was 164 GPa, tensile strength 860 MPa. No steel reinforcement was used, bonding 
between CFRP and concrete formed by two part epoxy adhesive. The slab was set up as 
simply supported in the direction of the corrugations, with effective span o f 900 mm; 
concentrated load was applied in the centre o f the slab.
Flexural failure occurred in two phases; one in a minor direction at a load level o f 18.65 
kN, the second in the major direction at a higher load of 19.5 kN with deflection up to 20 
mm. The strain in CFRP was 5000 microstrain approaching the calculated value o f 5200 
microstrain. The analysis using the ultimate limit state was able to predict strain failure of 
CFRP. Successful bond between the CFRP and concrete was achieved by using two-part 
epoxy adhesive. The slab proved capable o f withstanding large plastic deformation. At 
the serviceability limit state, the structural performance was satisfactory.
Tayel et al. (2004) experimentally studied the repair and strengthening o f one-way 
reinforced concrete slabs using Carbon Reinforced Polymer (CFRP), Ferrocement mix 
with expanded wire mesh and steel strips. Twelve reinforced concrete simply supported 
slabs having dimensions o f 1400 x 500 x 60 mm2 and effective span o f 1200 mm were 
tested. The tested slabs were divided into four groups: the first group was not subjected to 
any initial load but strengthened using the three above mentioned strengthening 
techniques. The second and the third groups were loaded up to 60% and 80% of the 
failure load, then repaired by the mentioned strengthening techniques and then reloaded 
to evaluate the efficiency o f the repairing methods. The fourth group was loaded to 
failure then repaired and tested again after repairing. CFRP and steel strips were bonded
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by epoxy resin to the tension side of the slabs. Expanded wire mesh fixed by hooks and 
ferrocement mortar to the same tension side of the slabs.
The research conclusions were 1) Repairing or strengthening slabs after loading up to 
60% of failure load is more efficient than repairing slabs after loading up to 80% or 100% 
of failure load. Because high pre-loading causes defects in reinforced concrete slabs such 
as wide cracks and excessive deflection. 2) Strengthening using CFRP improves the 
overall behavior o f reinforced concrete slabs by increasing the first cracking load by 16% 
to 99%, increasing the ultimate loads by 72% to 192%, and improving the deflection at 
different loading stages compared to the control slab. 3) Strengthening by ferrocement 
and by steel strips improves the behavior o f RC slabs by increasing the first cracking 
loads and the ultimate loads, and improving the deflection o f previously loaded slabs. 4) 
Strengthening and repairing using CFRP after high pre-loading levels (80%-100%) is not 
recommended and expensive. 5) Strengthening by CFRP is considered good solution for 
slabs with 0% pre-loading level (slabs not initially loaded).
Robertson and Johnson (2004) tested by cyclic loading three large scale reinforced 
concrete slab-column connections, repaired with epoxy and CFRP bonded to the slabs top 
surface. The authors investigated the possibility o f restoring their initial stiffness and 
ultimate strength. Each specimen represents a half-scale model o f an interior flat slab- 
column connection. The gravity load applied during the test is equivalent to the loading 
on the full-scale structure o f the total dead load plus 30% o f the floor live load. Also, a 
cyclic lateral load was applied using hydraulic actuator on the column stub causing a 
lateral displacement or drift in the tested specimens. The slabs were reinforced according
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to ACI 318-02 code including three different types of shear reinforcement in the same 
locations for all slabs. After testing to 8% lateral drift, no sign of punching failure were 
noted, the slabs were repaired by epoxy crack filler and CFRP sheets extending 600 mm 
on all sides o f the column equal to five times the slab thickness. The first slab was 
repaired by epoxy filler only, the second was repaired by CFRP sheets installed on the 
top o f the slabs, and the third was repaired with CFRP sheets on the top and the bottom of 
the slab.
The repairs increased the lateral load capacity by 14% for epoxy crack repair and 34% 
and 26% for the two specimens repaired with CFRP in addition to the epoxy crack repair. 
Epoxy repair o f cracks in a slab-column was able to restore the lateral load capacity, but 
did not restore the initial stiffness o f the connection. The use o f epoxy and CFRP sheets 
on the top surface o f the slab was effective in restoring both peak lateral load capacity 
and initial stiffness o f the connection. However, adding CFRP sheets on the bottom did 
not improve significantly the slab compared to previous configuration. Theoretical 
predictions of the flexural capacity o f the original slab-column connections under 
estimated the observed strength by about 20 % .  By increasing the yield strength o f the 
tension reinforcement by a factor 1.25 to include the effect o f strain hardening improved 
significantly the strength predictions.
Binici and Bayrak (2005) experimentally studied the upgrade o f reinforced concrete 
slab-column connections subjected to monotonic shear and unbalanced moment transfer, 
by using externally installed carbon fiber reinforced polymer (CFRP) stirrups acting as 
shear reinforcement around the slab-column connection area used in two patterns of
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The studies conducted on strengthening techniques using externally bonded FRP 
composites since the late eighties were concentrating on reinforced concrete beams. Only 
recently, research studies on reinforced concrete slab strengthening were performed using 
FRP. Very few studies were carried out on flat slabs. The present test program is 
designed to investigate the effectiveness o f strengthening slab-column connections as part 
o f a flat plate using externally bonded carbon fiber reinforced polymer sheets. The slab- 
column connection is the critical place o f the slab where a large amount o f forces and 
bending moment are concentrated. Six slab-column connection specimens were 
constructed and tested under monotonic load. The load was applied either concentrically 
or eccentrically up to failure to study the effect o f eccentricity on the behavior and failure 
mode o f flat slab-column connections. Three o f the six specimens were strengthened with 
CFRP sheets bonded to the tension side o f the specimens’ slabs using epoxy resin, and 
three unstrengthened specimens were used as reference or control specimens. In this 
chapter specimens’ geometry and fabrication, materials used, instrumentation used to 
measure deflection and strain, test-setup, and test procedure are presented.
3.2 Specimens’ Geometry
Six flat slab-column connection specimens were constructed. The specimens are divided 
into three pairs. In each pair, one specimen is used as the control specimen and it is 
referred to as CONT (see Table 3-1) and the strengthened specimen is referred to as 
STRE with carbon fiber reinforced polymer installed on the tension side (the bottom) of
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the slab. The strengthened specimen has the same dimension and internal conventional 
reinforcement ratio as the control specimen. The slabs in the six specimens are of 
dimensions (2000 x 1000 x 150 mm3) and a post column-stub of dimensions (250 x 250 
mm2) is positioned in the centre of each slab, (Fig. 3-1 and Fig. 3-2).
Load eccentricity is the main parameter selected for this study. The load was applied on 
the post-column-stubs either eccentrically or concentrically. The column stubs have been 
constructed in two different ways to allow the application o f the load with the required 
eccentricity:
The column stubs extend above the slab by 750 mm and below the slab by 400 mm for 
the two specimens CONT-O and STRE-0, as shown in Fig. 3-1 where the load is applied 
concentrically. For the specimens loaded with eccentric load, the column stub extends 
above the slab with an L-shape; the vertical part has a cross-section o f dimensions (250 x 
250 mm2) and it is of 250 mm length, and the horizontal part has a cross section of 
dimensions (250 mm width x500 mm depth) and 750 mm horizontal length. This column 
stub configuration is used for the four specimens CONT-25, STRE-25, CONT-35, and 
STRE-35 shown in Fig. 3-2 where the load is applied eccentrically (e = 0.25 m) for 
CONT-25, STRE-25 and (e = 0.35 m) for CONT-35, STRE-35, as listed in Table 3-1.
3.3 Materials
3.3.1 Concrete
Regular strength concrete using Type 10 Portland Cement was delivered by a ready-mix 
plant to be cast in place (Structural Laboratory, Department o f Civil & Environmental 
Engineering, University o f Windsor) with a specified cylinder strength fc equal to 35 
MPa for the first batch needed for the two specimens CONT-0, and STRE-0, and 45 MPa
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for the second batch for CONT-25, and STRE-25 specimens, and 50 MPa for the third 
batch for CONT-35, and STRE-35 specimens. Concrete compressive strength (between 
35 MPa and 50 MPa) was used in order to simulate the concrete strength in existing 
reinforced concrete flat plate systems.
The slump for each batch was measured during the casting conducted in the laboratory 
and it was found to be 100 mm for all batches, (Fig. 3-6). According to CSA-A 23.2 
standard, two cylinders 100 mm in diameter and 200 mm in height were tested to failure 
under increasing compressive axial load in the structural laboratory, as shown in Fig. 3-7 
for each batch after 7 days from casting, 14 days, and 28 days to investigate concrete 
strength. Specified cylinder strength is the concrete compressive strength measured after 
28 days o f casting. The results are summarized in (Tables 3-2 to 3-10). Two cylinders 
were tested in tension (splitting test) for each batch, as shown Fig. 3-8 to obtain the 
splitting tensile strength fct, as listed in (Tables 3-11, 3-12, and 3-13).
3.3.2 Steel Reinforcement
The steel reinforcing bars used were ribbed bars o f Grade 400 for slabs and post-column- 
stubs, modulus o f elasticity o f  200 GPa. The slabs in all specimens were reinforced with 
the same reinforcement ratio. Tensile reinforcement ratio was ps = 0.95% at the bottom of 
the slab that falls in the range (0.5-1.2%) commonly used in flat plate slabs (Bonnaci, 
2004). Compression reinforcement ratio was ps = 14 ps at the top o f the slab. One mesh of 
# 10 bars at equal spacing o f 200 mm was used at the top of the slab. Another mesh of 
bars # 10 at equal spacing of 100 mm was used at the bottom of the slab leaving a 25 mm 
concrete cover at the top and the bottom faces o f the slab.
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Post-column-stubs reinforcement for specimens CONT-O and STRE-0 was 4 # 20 bars 
vertically positioned tied to # 10 stirrups at 100 mm vertical spacing, as shown in Fig. 3- 
9. Specimens CONT-25, STRE-25, CONT-35 and STRE-35, post-column-stubs 
reinforcement was 6 # 20 bars vertically positioned tied to # 10 stirrups at 100 vertical 
spacing. The reinforcement o f the cantilever is composed of 3 bars # 20 bars at the top 
and the bottom tied to 10 stirrups #  10, as shown in Fig. 3-10.
3.3.3 Carbon Fiber Reinforced Polymer
A wet-lay up composite system is used to strengthen the slab-column connection 
specimens. This system is selected due to its flexibility and easiness o f installation on 
different surfaces with different shapes. Its commercial name is Tyfo SCH-41S 
composite Fiber system and it is composed of two main elements:
• Tyfo. SCH. 41S reinforcing fabrics: a unidirectional carbon fabric with aramid 
cross fibers, the carbon material is oriented in the 0° direction, with aramid fibers 
at 90°. Typical dry fiber properties are summarized in (Table 3-14).
• Tyfo S Epoxy: a two component epoxy matrix, which plays two roles; the epoxy 
forms the polymer matrix embedded in the fibers and it bonds the composites to 
the tension side o f concrete slab. The epoxy properties are summarized in (Table 
3-15).
The ideal stress-strain curve is shown in Fig. 3-12, the composites behaves elastically up 
to failure. Carbon fiber reinforced polymer sheets have been applied with two different 
lay-out configurations:
• The external reinforcement ratio for CFRP plates was pftp = 0.52 % in the main 
direction in configuration A for specimen STRE-0 as shown in Fig. 3-3 and
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specimen STRE-25 as shown in Fig. 3-4. This ratio was chosen to avoid concrete 
crushing or compressive failure, which is a very brittle failure and to avoid CFRP 
plates rupture failure, which is the least ductile and explosive failure. Maximum 
external reinforcement ratio for CFRP plates is p^p bai =5.79 % to prevent 
compression failure and to secure yielding of the steel reinforcement for 
specimens STRE-0 and STRE-25. The minimum external reinforcement ratio for 
CFRP plates to prevent CFRP plates rupture failure is p^p, bai =0.49 % (refer to 
theoretical analysis in Chapter V).Two transverse and two longitudinal strips of 
300 mm width and 1 mm thickness installed in one layer on the tension side o f the 
slab (the bottom) next to the column-slab interface at the maximum bending 
moment region.
• The external reinforcement ratio for CFRP plates was p&p = 0.83 % in 
configuration B for specimen STRE-35. It is still less than the maximum limit p ^  
bai = 8.41 % for concrete crushing failure and more than the minimum limit pfrp, bai 
= 0.55 % for FRP rupture failure. But, it has been increased to study the effect o f 
elevated CFRP cross section on the slabs subjected to an eccentric load, carbon 
fiber reinforced polymer lay-out details is shown in Fig. 3-5.
3.4 Specimens Fabrication
3.4.1 Formwork Preparation
The formwork was made by 3/4 plywood sheets. The slab mould was made o f 2000 mm 
x 1000 mm bottom ply wood sheet supported on two strong wood horses, as shown in 
Fig. 3-13, and four sides tied to the bottom mould by studs and angles. The column stub 
mould was made by the same ply wood and consisted of two parts. The bottom part was
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fixed to the slab mould using the same technique and was supported to the floor by wood 
4 x 4  support. The upper part was fixed to a horizontal plywood sheet leaned on slab 
formwork sides, and the cantilever mould was supported by a wood frame, as shown in 
Fig. 3-14. The inner formwork surfaces have been brushed by oil.
3.4.2 Reinforcement Assemblage
The reinforcement rebars and stirrups were delivered to the laboratory to be assembled. 
The slabs reinforcement was assembled in two main layers at the bottom and at the top 
faces o f the slab. Each layer consists o f longitudinal and transverse rebars, as shown in 
Fig. 3-15 and in Fig. 3-16, and they are placed in the slab mould on 25 mm high plastic 
chairs.
The column stub reinforcement is assembled in two steps using special table, as shown in 
Fig. 3-17, the cantilever was assembled with its stirrups first, then it is taken out o f the 
table to tie up the column stirrups using tie wires, as shown in Fig. 3-18. The assembled 
column reinforcement was put in position and tied with slab reinforcement. The upper 
part of column- cantilever formwork was installed later to prepare the specimens for 
casting, as shown in Fig. 3-19.
3.4.3 Concrete Casting
The casting proceeded positioning the steel strain gages and their wires to avoid any 
damage during the casting operation, as shown in Fig 3-20. The concrete was delivered 
by a local ready mix plant using a mixing truck; as shown in Fig. 3-21 and Fig. 3-22.
The slump was checked before casting to have 100 mm slump. More than twelve 
cylinders were filled during the casting to be tested under compression or splitting. The 
slab and the column stub with its lower and upper parts, along with the cantilever, were
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cast monolithically using mechanical vibrator. The slabs, the column stubs, and the 
cantilevers were leveled and smoothly finished, as shown in Fig. 3-23.
3.4.4 Curing
The slab surface and column stub were watered daily for ten days. Slabs and columns 
formwork sides were taken out two days after the casting to allow for better curing, as 
shown in Fig. 3-24 and Fig. 3-25. Concrete cylinders were immersed in water and lime 
one day from casting for 28 days.
3.4.5 Carbon Fiber Reinforced Polymer
The CFRP sheets were installed on the tension side o f the slabs for specimens STRE-0, 
STRE-25 and STRE-35, as shown in Fig 3-26 and Fig. 3-27. The installation procedure 
began with rounding the sharp edges to avoid CFRP sheet defects, followed by filling the 
voids and cavities o f epoxy mortar, mixing epoxy two components 100 parts of 
component A and 42 parts component B by volume thoroughly for five minutes with a 
low speed mixer, applying the epoxy on the concrete by roller brush until it becomes 
tacky, and finally applying the CFRP sheets with uniform pressure to be smooth and to 
work out bubbles and voids to be sure that it is completely and evenly bonded to the 
concrete surface.
3.5 Instrumentation
Several types o f instruments were used in the tests such as steel strain gages to measure 
rebar strain, concrete strain gages to measure concrete strain, linear potentiometers to 
measure slab deflection, and load cells to measure jacking load and to balance the 
reactions at the slab’s four comers.
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3.5.1 Electrical Strain Gauges
Steel strain gages were installed on tension slab rebars (bottom layer) to measure their 
strains during the test in determined positions, as shown in Fig. 3-28 and Fig. 3-29. Slab 
reinforcements were flipped over, and ribbed rebars were grinded by sand disc in the 
marked positions where the strain gages will be installed, to have soft, flat and smooth 
surface for good gages bonding on the rebars. CSM-2 degreaser were used to remove oil, 
greases and organic contaminants, scrubbing the surface with cotton-tipped applicators 
until a clean tip is no longer discolored, and using the tips to dry the surface. These steps 
were repeated with the M-prep conditioner- A in the first step and then with the M-prep 
Neutralizer 5A. The surface was ready to bond the steel strain gages (their length, 
commercial name, and gage factor are summarized in Table 3-17) in marked positions 
using M-bond 200 with its catalyst. Gages terminals were soldered to vinyl-coated 3 
conductor lead wire cable and coat the soldered connection with protective M-coat, and 
Vinyl Tape. The wires were tied up with plastic ties to the rebars, as shown in Fig 3-32. 
Concrete strain gages were installed on the compression side o f the slab (the top) located 
above the steel gages in approximatly the same cross section, perpendicular to the 
bending axes; their positions are shown in Fig. 3-30 and Fig 3-31. Because the concrete 
surface is not completely even, rough and porous, a proper substrate was developed for 
gage bonding, epoxy adhesive was applied in the marked strain gages positions, but after 
surface irregularities were removed by disc sanding. Then, the same procedure as for the 
steel strain gages application was followed to apply concrete strain gages, (Fig. 3-33).
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3.5.2 Linear Potentiometer Locations
Linear Potentiometer were used to measure the deflection o f slabs center and midspans 
with stroke length o f 150 mm, as shown in Fig. 3-34, Fig. 3-35, Fig. 3-36, and Fig. 3-37.
3.5.3 Load Cells
Five load cells were used in the tests. One load cell is used for jack load, as shown in Fig 
3-38, with ultimate capacity 400 kN to measure the applied load. Four other load cells 
were used, as shown in Fig.3-39 at the four comers of the slab to measure the reactions, 
their ultimate capacity were 100 kN each, and their locations are shown in Fig. 3-40. The 
load cells have been calibrated before the tests. These load cells were used to balance the 
tested specimen at the beginning of the test by having an even reaction at every comer by 
adjusting the height of a rod fixed at its bottom end in the central hole o f the load cell and 
hinged at the top with a circular disc. The slab was supported by the hinged supports in 
each comer, as shown in Fig. 3-41.
3.6 Test-Set Up and Test Procedure
The test frame consisted o f two columns and a horizontal beam supporting the Jack Load, 
which has the ability to move in one direction on the beam, as shown in Fig. 3-42. The 
slab was supported at its four comers by four hinged supports fixed to two wide beams. 
The span distance was 700 mm in the short direction and 1700 mm in the long direction. 
The slab was free to move and rotate in-plane, secured by hinged support set up.
The same sequence was followed for each test and is summarized as follows:
i) The specimen is placed on the four supports, and aligned with Jack Load to have the 
correct load eccentricity.
ii) Linear Potentiometers were positioned in their locations.
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iii) The steel and concrete strain gages, the linear potentiometer and the load Cells are 
connected to the data acquisition, as shown in Fig. 3-43.
iv) Balance the slab to obtain an even slab self weight reactions at four reaction load 
cells.
The load was applied by single Jack Load measured by the load cell connected to it. The 
slab monotonically was loaded through the column stub with 1 kN increment to failure. 
While the Data Scan System was recording the data each second, cracks and failure were 
carefully watched and marked.
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Table 3-1 Specimens properties and definition
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Table 3-11 Splitting tensile strength fct 28 days after casting for the first batch













Table 3-12 Splitting tensile strength fct 28 days after casting for the second batch
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Table 3-13 Splitting tensile strength fct 28 days after casting for the third batch
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Table 3-17 Steel and concrete strain gages’ properties
Specimen
No.













CONT-O KYOWA 30 2.10 KYOWA 30 2.10
STRE-0 KYOWA 30 2.10 KYOWA 30 2.10
CONT-25 KYOWA 10 2.11 KYOWA 30 2.10
STRE-25 KYOWA 10 2.11 KYOWA 30 2.10
CONT-35 OMEGA 5 2.09 KYOWA 30 2.10
STRE-35 OMEGA 5 2.09 KYOWA 30 2.10
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Figure 3-1: Geometry of Specimens CONT-O, and STRE-0
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Figure 3-2: Geometry of Specimens CONT-25, STRE-25, CONT-35, and STRE-35
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575 ^300 ̂ 250^300 ̂ __ 5Z5__
Note: AO dimensions are in (nun)
Figure 3-3: CFRP sheets lay out for specimen STRE-0
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|  5 7 5 ___ j . 3 0 0 -| £ 5 0 j . 3 0 0  j, 5 7 5 ___ j,
Note: All dimensions are in (mm)
Figure 3-4: CFRP sheets lay out for specimen STRE-25
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jf  5 2 5 ___ ^35D..^25Q^35Cgr___ 5 2 5 ___ 4,
Note: AH dimensions are in (mm)
Figure 3-5: CFRP sheets lay out for specimen STRE-35
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Figure 3-6: View of Slump test
Figure 3-7: View of compression test
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Figure 3-8: View of splitting test
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Figure 3-9: Reinforcement details for specimens CONT-O, and STRE-0
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Figure 3-10: Reinforcement details for specimens CONT-25, STRE-25, CONT-35 
and STRE-35
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Figure 3-12: Ideal stress- strain curve for CFRP composite system
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Figure 3-13: View of Formwork for slab and column stub
Figure 3-14: View of Formwork for slab and column stub with cantilever 
supported by the wood frame
76
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 3-15: View slab reinforcement assembling, bottom layer
Figure 3-16: View slab reinforcement assembling, bottom and top layer
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Figure 3-17: View of column reinforcement assembling; the cantilever
Figure 3-18: View of assembled columns reinforcement
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Figure 3-19: View of assembled column in its position in the formwork
Figure 3-20: View of Specimen before casting
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Figure 3-21: View of mixing truck and delivering bucket
Figure 3-22: View of casting concrete using the bucket
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Figure 3-23: View of one recent cast specimen after leveling its surface
Figure 3-24: View of curing a cast specimen
81
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 3-25: View of curing a cast specimen after taking out side formwork
Figure 3-26: View of installed CFRP sheets on the bottom of the slab (two layers)
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Figure 3-27: View of installed CFRP sheets on the bottom of the slab (two layers)
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Figure 3-28: Steel strain gages’ locations for specimens CONT-O, and STRE-0
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Figure 3-29: Steel strain gages’ locations for specimens CONT-25, STRE-25, 
CONT-35, and STRE-35
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Figure 3-30: Concrete strain gages’ locations for specimens CONT-O, and STRE-0
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Figure 3-31: Concrete strain gages’ locations for specimens CONT-25, STRE-25, 
CONT-35, and STRE-35
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Figure 3-32: View of installed steel strain gages
Figure 3-33: View of installed Concrete strain gages
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Figure 3-34: Linear Potentiometer locations for specimens CONT-O and STRE-0
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Figure 3-35: Linear Potentiometer locations for specimens CONT-25, STRE-25, 
CONT-35, and STRE-35
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Figure 3-36: View of linear Potentiometer under column stub center
Figure 3-37: View of linear Potentiometer on slab top surface
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Figure 3-38: View of Jack load cell aligned at the center of column stub
Figure 3-39: View of Reaction load cell under the slab corner
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Figure 3-40: Reaction load cells’ locations
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Figure 3-41: View of reaction load cell with hinged support
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Figure 3-43: View of a data acquisition connected to steel, and concrete strain gages, 
P o t , and load cells
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CHAPTER IV
EXPERIMENTAL RESULTS AND DATA ANALYSIS
4.1 Introduction
Testing program comprises six slab-column connection specimens, divided into three 
groups, each group includes one control specimen and one strengthened specimen. The 
first group was tested under concentric load, the second group was tested under eccentric 
load (e = 0.25 m), and the third group was tested under eccentric load (e = 0.35 m). The 
load was applied on the specimen column stub up to failure for the six specimens. Two 
different external reinforcement (CFRP) configurations were used. In this chapter, results 
o f the experiments will be presented and analyzed. The behavior o f  strengthened 
specimen in each group will be compared with the control specimen in the same group, 
studying the effect o f CFRP sheets bonded to the tension side o f the slabs with focus on:
• Cracks propagation.
• Failure mode.
• Yield and ultimate strength.
• Variation o f strains and its ultimate values in concrete and steel.
• Deflections, deformability, and stiffness o f slab-column connections.
Finally, the effect o f loading eccentricity will be analyzed comparing the overall behavior 
o f strengthened specimens with control specimens subjected to concentric and eccentric 
load.
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4.2 Specimens CONT-O and STRE-0
4.2.1 Cracks Propagation
A photo o f the control specimen with zero load eccentricity CONT-O is shown in Fig. 
4-1, and Fig. 4-2. Visual inspection of the specimen showed that cracking started in the 
bottom face o f the slab at a  load level o f 90 kN. Tension cracks began at the column-slab 
interface, shown in Fig. 4-3 (a) in the short direction o f the slab (in the bottom face) in 
the maximum bending moment region. By increasing the load, more cracks appeared on 
the bottom o f the slab, as shown in Fig. 4-3 (b); these cracks are parallel to the first crack, 
which extended at the free vertical edge o f the slab upward to the slab compression face. 
Finally, the specimen crashed at a failure ultimate load o f 169 kN, (see Table 4-1).
Visible observation o f specimen STRE-0 (Fig. 4-4) shows that cracking began at load 
level o f 240 kN (Table 4-1). The crack appeared at the vertical free edges o f the slab, as 
shown in Fig. 4-5 in the uncovered area by CFRP plates (between two transverse strips). 
The cracks appeared to be an extension for cracks created under the CFRP plate at the 
bottom o f the slab (in the slab short direction) in the maximum bending moment region. 
By increasing die load, more cracks appeared on the edges o f the slab extending to the 
compression. Fig. 4-6 shows the top face o f the slab (the specimen STRE-0 failed at the 
ultimate load level o f 305 kN, see Table 4-1). Concrete crushing was clearly seen at that 
load level along the transverse line at slab-column interface in the top o f the slab. 
Delamination o f longitudinal CFRP strips occurred after failure, when the carried load 
began to decrease to reach the load level o f 270 kN. The deformed shape o f the slab is 
shown in Fig. 4-7.
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4.2.2 Failure Mode
Specimen CONT-O failed in flexure, flexural cracks propagated at the bottom of the slab 
extending to the slab free edges and expanded. The longitudinal rebars yielded, and the 
concrete crushed reached its ultimate strain in the compression zone at the top o f the slab. 
Specimen STRE-0 had the same mode o f failure with delay of visible cracks obviously 
due to CFRP plates preventing cracks from expanding.
4.23 Deformability, Yielding and Ultimate Strength
Figs. 4-8 and 4-9 show a typical load-deflection behavior o f a strengthened and 
unstrengthened slab-column connection respectively, subjected to concentrated load and 
failed in flexure. In general, the load-deflection curve can be divided into three regions, 
the first is the uncracked slab region, the second is the region between cracking the 
concrete in tension zone and yielding o f tension steel reinforcement, and the third is the 
region between yielding o f tension steel reinforcement and failure. The load-deflection 
relationship in each region is assumed to be linear. The load at which the concrete in 
tension zone cracks is called the cracking load, the load at which tension steel 
reinforcement yields is called the yield load, and the load at which the slab fails is called 
the ultimate or failure load.
The curves o f  the load versus the deflection measured by the linear potentiometers in 
the center and die midspans o f the slab in specimens CONT-O and STRE-0 are shown in 
the Figs. 4-10 to 4-14. From these curves, it can be seen that both specimens began to 
lose stiffness at almost the same cracking load of 37 kN even, but the cracks were visible 
at higher load level (see Table 4-1). Figure 4-10 shows that the stiffness o f specimen 
STRE-0 was 50% higher than that in CONT-O in the range between cracking and steel
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reinforcement yielding (see Table 4-2). By definition stiffness represents the slope o f 
load-deflection curve (Rahimi and Hutchinson, 2001) and (Ebead and Marzouk, 2002). 
The deflection in specimen CONT-O increased after yielding with little increase o f load. 
The slab load-deflection relationship changed from elastic to plastic and the long plateau 
o f load-deflection curve can be seen showing the ductility o f this specimen. The stiffness 
o f the slab in specimen STRE-0 began to decrease after yielding but at a much less rate 
than the slab in specimen CONT-O and the stress began to transfer from yielding steel 
rebars to CFRP plate up to failure. CFRP plates carrying the stress increased the stiffness 
o f the slab in the area between yielding and failure compared to control specimen. The 
ultimate strength increased by 80% for the strengthened specimen and yield strength 
increased 64% (see Table 4-1).
The external reinforcement ratio for CFRP plates was p*p = 0.52 % in the main direction 
(the long direction) for specimen STRE-0. This ratio was chosen to avoid concrete 
crushing or compressive failure which is very brittle failure and to avoid CFRP plates 
rupture failure which is the least ductile and explosive failure (see analysis and 
computations in Chapter V). The experiment proved that the used CFRP reinforcement 
ratio secured the yielding o f tension steel before concrete crushing with flexural cracks 
seen expanding from tension to compression side o f the slab. No rupture o f  CFRP plates 
was observed.
Fig. 4-15 shows the variations o f deflection in the long direction o f the slab of 
specimen CONT-O yield load for both specimens CONT-O and STRE-0. Higher 
deflection values were recorded for the control specimen and the deflection at the center
99
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
of the slab was the highest over the midspan points (Ch33, 34, 35, and 36, as shown in 
Fig.3-34) deflection values.
4.2.4 Steel and Concrete Strains
Figs. 4-16 to 4-20 illustrate the compression concrete strains versus the applied load 
(Ch. 1 to 4 and 9) o f the slab short direction for specimens CONT-O and STRE-0. The 
low strain recorded at the ultimate load confirms the low stress level in the compression 
zone o f the short direction for both slabs in control and strengthened specimens. Higher 
compression strains were recorded for strengthened specimen STRE-0, due to CFRP 
contribution increasing the slab carrying capacity, consequently more stress in 
compression zone at the top o f slab cross section is necessary to balance the higher 
tension stress in the rebars and CFRP.
Figs. 4-21 to 4-27 show the compression concrete strain versus load for channels 10, 
11, and 12 and channels 17,18,19, and 20 in the long direction for CONT-O and STRE-0 
specimens. High strain level is recorded at ultimate load up to (-3000 micro strains) 
approaching EcU = - 3500 micro strains the ultimate concrete crushing strain which 
confirms the observed crushing in the concrete in the compressive zone at column-slab 
interface in both specimens. Concrete strain reached the ultimate concrete crushing strain 
in the strengthened specimen at higher load level than control specimen. By reaching the 
yield load level concrete strains in specimen CONT-O increased in high rate with small 
increase o f applied load up to failure. However, the concrete strains in specimen STRE-0 
increased at lower rate because the CFRP plate was contributing in carrying most of the 
applied load with the tension steel rebars. This contribution lowered the strain increase 
rate up to failure, which occurred at higher ultimate load.
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Figs. 4-28 to 4-34 show the tension steel rebars strain versus the applied load for 
channels 5, 6, 7, 8, 13, 14, and 15 in the short direction rebars o f the specimens CONT-O 
and STRE-0. Low tension strains were recorded less than 1000 micro strains in both 
control and strengthened specimens meaning that no yielding o f short direction rebars has 
occurred and the slab worked in the long direction. Higher strains were recorded for the 
strengthened slab in the short direction rebars. The recorded high strain leads to the 
conclusion that the cross section was stressed higher in the strengthened specimen than 
control specimen due to CFRP plate contribution, increasing the load-carrying capacity o f 
the specimen.
Figs. 4-35 to 4-43 present the tension steel rebars strain versus the applied load for 
channel 16, channels from 21 to 24 and channels from 29 to 32 in the long direction 
rebars o f  specimens CONT-O and STRE-0. High strains were recorded in the slabs of 
both specimens; all rebars had yielded reaching the yield strain. The rebars in the long 
direction o f specimen CONT-O yielded at load (152 kN) and had higher strain after that 
up to failure. Long plateau o f load-strain curve from yielding to failure can be clearly 
seen (Ch. 23, 30, and 31, as shown in Figs. 4-38,4-41, and 4-42). Eight rebars out o f nine 
in specimen STRE-0 had yielded at load (250 kN). With increase o f load up to failure in 
strengthened specimen no significant increase o f strain was recorded. After yielding, the 
increase o f  applied load was carried by the CFRP plates, increasing the stiffness and the 
ultimate strength o f the slab.
Fig. 4-44 shows steel strain readings in the long direction tension rebars in channels 16, 
21 to 24, 29 to 32 at control yielding load 152 kN for specimens CONT-O and STRE-0. 
All rebars in CONT-O had yielded forming a plastic hinge along the short direction o f the
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slab. The rebars in specimen STRE-0 were still in the elastic domain before yielding 
(1500 micro strains) but with strains almost evenly distributed between the rebars.
The short direction rebars in specimen CONT-O as shown in Fig. 4-45 were strained 
elastically up to 750 micro strains. The maximum strain was recorded in Channel 5 for 
the central short rebar, while Channel 15 recorded the minimum strain (almost 0). This 
proves that the maximum stressed region was at the center o f slab-column connection and 
the stress reduced gradually towards the line support far from loading point The same 
conclusion applies to specimen STRE-0 but less strain recorded at the same load level 
due to CFRP contribution.
Fig. 4-46 shows the long direction rebars steel strains at control failure load 169 kN, for 
specimens CONT-O and STRE-0. Strain in Specimen CONT-O exceeded yield strain, 
while STRE-0 rebars were almost evenly strained before yielding with average strain 
1600 micro strains. The short direction rebars in specimen CONT-O as shown in Fig. 4-47 
were strained elastically up to 850 micro strains. The maximum strain was recorded in 
Channel 5 at the central short rebar, while Channel 15 (the closest channel to the support 
line) recorded the minimum strain because the maximum stressed region was at the 
center o f slab-column connection. The Strain at load level o f 250 kN in long direction 
rebars o f specimen STRE-0 as shown in Fig. 4-48 exceeded yield strain. The maximum 
strain o f the rebars in the short direction was recorded by channel 6 (780 micro strains) 
which indicates that these rebars were still in elastic domain before yielding, (Fig. 4-49). 
The strain decreased gradually toward support line to reach zero.
The compression strain in concrete in both specimens CONT-O and STRE-0 were less 
than concrete crushing strain with average value o f 800 micro strains for control
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specimen and 700 micro strains for strengthened specimen. The compression fibers were 
almost evenly strained, as shown in Fig. 4-50 which illustrates the compression strain in 
concrete in the long direction for both specimens CONT-O and STRE-0 at load 152 kN 
(control specimen yield load). The compression concrete strains in the short direction had 
very small values in both specimens confirming the fact that the fibers in short direction 
were not significantly stressed, (Fig. 4-51). The compression fibers were about to crush in 
the control specimen CONT-O, while specimen STRE-0 the strain values were below 
crushing point (maximum strain was -1000 micro strains less than Ecu = - 3500 micro 
strains). Fig. 4-52 illustrates the concrete strains in the long direction at load level o f 169 
kN (the control specimen ultimate load) for both specimens CONT-O and STRE-0. There 
was no sign of high strain in the short direction fibers, as shown in Fig. 4-53. The strains 
are still far below concrete crushing strain. Fig. 4-54 illustrates concrete strain in long 
direction at yield load of specimen STRE-0 (250 kN). No sign o f high stress in the short 
direction, as shown in Fig. 4-55. The concrete strain approached the concrete crushing 
strain. Fig. 4-56 illustrates concrete strain in the long direction at ultimate load (305 kN) 
o f specimen STRE-0. There was no sign o f high stress in the short direction fibers, as 
shown in Fig. 4-57.
4.3 Specimens CONT-25 and STRE-25
43.1 Cracks Propagation
From visual inspection, cracks in the control specimen CONT-25 started at load level 
o f 50 kN as shown in Fig. 4-58, and Fig. 4-59 at the bottom face o f the slab. Tension 
cracks began in the vicinity o f column slab interface, as shown in Fig. 4-60 (a) along the 
slab short direction in the maximum moment region (the side o f slab under the
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cantilever). By increasing the load, more cracks were created in the bottom face o f the 
slab, as shown in Fig. 4-60 (b).The new cracks were parallel to the first cracks. The 
cracks extended upward at the free vertical edge o f the slab upward to the slab 
compression face as shown in Fig. 4-60 (b). The specimen finally crashed at the failure 
load 139 kN (see Table 4-1).
The specimen STRE-25 is shown in Figs. 4-61 and 4-62. The cracks from visual 
inspection started at load level o f 168 kN, (Table 4-1). The cracks appeared at the vertical 
free edges o f the slab, as shown in Fig. 4-63 in the uncovered area by CFRP plates 
(between two transverse strips). The cracks appeared to be an extension for cracks 
created under the CFRP plate at the bottom face o f the slab (transversely directed) in the 
maximum bending moment region. By increasing the load more cracks were observed on 
the edges o f the slab extending to the compression face (Fig. 4-64 and Fig. 4-65). 
Concrete crushing was clearly seen at the ultimate load 210 kN, (see Table 4-1) along a 
transverse line at slab-column interface in the top o f the slab.
43J2 Failure Mode
Specimen CONT-25 failed in flexure, flexural cracks propagated at the bottom of the 
slab extending to the slab free edges and expanded. The longitudinal tension 
reinforcement yielded, and the concrete in the compression zone crushed reaching the 
ultimate strain. It was obvious that cracks began in the maximum bending moment (the 
side o f slab under the cantilever) where failure was plainly created. Specimen STRE-25 
had the same mode o f failure with delay o f visible cracks due to CFRP plates preventing 
cracks from expanding.
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4.3.3 Deformability, Yielding and Ultimate Strength
The curves of applied load versus deflection at the center and the midspans of the slab 
in specimens CONT-25 and STRE-25 are shown in Figs. 4-66 to 4-70. Both specimens 
began to lose stiffness at cracking load o f 32 kN for CONT-25 and 34 kN for STRE-25 
with small difference in cracking loads for both cases. The cracks were seen earlier for 
specimen CONT-25 giving warning signals o f yielding and failure, while these signals 
came at the late stage o f loading in STRE-25, CFRP plates increased the ultimate strength 
but decreased the ductility o f the slab. Cracks started to expand at higher rate wide 
enough to be seen after yielding of longitudinal rebars specifically in the case o f 
strengthened specimen.
Fig. 4-66 shows that the stiffness o f STRE-25 was 30% more than that in CONT-25 in 
the range between cracking and yielding, (see Table 4-2). After yielding o f tension steel 
the deflection increased in CONT-25 with little increase o f load, changing the behavior 
from elastic to plastic and a long plateau o f load-deflection curve can be seen as an 
indication o f ductility for this specimen. The stiffness o f the slab in STRE-25 began to 
decrease after steel yielding but in much less rate than CONT-25 and stress began to 
transfer from steel rebars to CFRP plate up to failure. CFRP plates increased the stiffness 
o f the slab in final stage between yielding and failure compared to control specimen. The 
Ultimate strength increased by 51% for the strengthened specimen and yield strength 
increased by 48%, (see Table 4-1).
The external reinforcement ratio for CFRP plates was p&p = 0.52 % in the main direction 
(the long direction) for specimen STRE-25. This ratio was chosen to avoid concrete 
crushing or compressive failure which is very brittle failure and to avoid CFRP plates’
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rupture failure which is the least ductile (see analysis and computations in Chapter V). 
The experiment proved that the used CFRP reinforcement ratio secured yielding o f 
tension steel before concrete crushing with flexural cracks seen expanding from tension 
to compression side of the slab. No rupture o f CFRP plates was observed.
Figs. 4-71 and 4-74 show the variations of deflection values in the long direction of 
the slab at specimen CONT-25 yield and ultimate load for both specimens CONT-25 and 
STRE-25. Higher deflection values were exhibited for the control specimen, and higher 
deflection in channels 33, 35 positioned at the central line in short direction than channels 
34 and 36 in long direction for both specimens. This is an indication o f failure, which 
began at column-slab interface in both specimens. Deflection in channels 33, 35 had a 
jump from almost 12 mm at load level 118 kN to 25 mm at load level 139 kN in CONT- 
25, but the change was at much smaller rate in STRE-25 which had less deformability 
than CONT-25.
43.4 Steel and Concrete Strains
Figs. 4-75 to 4-79 show the compression concrete strain versus the load (Ch. 1 to 4 and 
9) along the short direction for specimens CONT-25 and STRE-25. A low strain was 
recorded at the ultimate load (-600 micro strains), which confirms that the compression 
zone is subjected to low stress in the short direction for both the control and strengthened 
slabs. However, higher compression strains were recorded for strengthened specimen 
STRE-25.
Figs. 4-80 to 4-86 show the compression concrete strain versus the load in the long 
direction (Ch. 10-12 and 17-20) for CONT-25 and STRE-25 specimens. High strain was 
recorded at the ultimate load; strain reached -3500 micro strains, the ultimate concrete
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crushing strain, which confirms crushing o f concrete at column-slab interface for both 
specimens. Ultimate concrete strain o f strengthened specimen is reached at higher load 
than the control specimen. By reaching yield load in specimen CONT-25 the strain 
rapidly increased with small increase of load up to failure. However, the concrete strains 
in specimen STRE-25 increased at lower rate because the CFRP plate was contributing in 
carrying most o f the applied load with the tension steel rebars. This contribution lowered 
the strain increase rate up to failure, which occurred at higher ultimate load.
Figs. 4-87 to 4-93 present the tension steel rebars strain versus the applied load in the 
short direction (Ch. 5 ,6 ,7 , 8 and 13, 14,15) for CONT-25 and STRE-25. The maximum 
tension strain was 1500 micro strains along the short direction for both control and 
strengthened specimens. This strain is below the yield strain; the slab worked mainly in 
the long direction. The short direction rebars in specimen STRE-25 were strained less 
than those o f the control specimen for the same load level due to CFRP plate’s 
contribution.
Figs. 4-94 to 4-102 present the tension steel rebars’ strain versus the load in the long 
direction (Ch. 16, Ch. 21-24, and Ch. 29-32) for CONT-25 and CFRP-35. High strains 
were recorded in the slabs o f both specimens; all rebars had yielded. The rebars in 
CONT-25 yielded at load level o f  (118 kN) and high strain were maintained long after 
yielding. The strain curve from yielding on set to failure can be clearly seen in Channels 
16, 21, 23, 24, and 31. Most o f the rebars in STRE-25 had yielded at load (175 kN). 
However, no significant increase o f strain was recorded after that. This observation 
confirms that most o f the extra load is carried by the CFRP plates. The CFRP plate 
increased the stiffness and the ultimate strength o f the slab.
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Figure 4-103 shows the steel strain readings in the long direction tension rebars at load 
level o f 118 kN (the control specimen yield load) for specimen CONT-25 and specimen 
STRE-25. All rebars in CONT-25 yielded forming a plastic hinge along the short 
direction o f the slab. The rebars in STRE-25 remained in the elastic domain (strain 1500 
micro strains); the strain was almost evenly distributed between the rebars. The specimen 
was less stressed for the same load level due to the CFRP plate’s contribution. The rebars 
in the short direction in CONT-25 remained in the elastic domain; the maximum strain 
was 800 micro strains (the slab worked in the long direction). The maximum strained 
rebars in the short direction were in the region o f the slab under the cantilever (the 
maximum moment region). The stress reduced gradually towards the line support far 
from loading point, as shown in Fig. 4-104. The maximum strain recorded in the short 
direction rebars in STRE-25 was in the rebar at mid-span (Ch 8), the region o f the slab 
under the cantilever was the most strained region o f the slab (the maximum moment 
region). The strain gradually decreased towards the support line far from load point in 
Channels 13,14, and 15.
The steel strain exceeded yielding point for longitudinal rebars in CONT-25, as shown 
in Fig. 4-105. The figure illustrates the steel strain readings for longitudinal rebars at load 
level o f  139 kN (the control specimen failure load), for specimen CONT-25 and 
specimen STRE-25. Longitudinal rebars in STRE-25 were almost evenly strained and 
still in the elastic domain with average strain 1900 micro strains, strengthened specimen 
was stressed less than the control specimen at the same load level due to CFRP plate’s 
contribution. Fig. 4-106 shows the steel strain readings for the short rebars at load level 
o f  139 kN (the control specimen failure load), for specimen CONT-25 and specimen
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STRE-25. The rebars in short direction in CONT-25 remained in the elastic domain, the 
maximum strain was 1600 micro strains (the slab worked in the long direction). The 
maximum strained rebars in the short direction were in the region o f  the slab under the 
cantilever (the maximum moment region). The stress reduced gradually towards the line 
support far from loading point.
A yield or plastic line was formed where all rebars were strained evenly and attained 
yield strain (Fig. 4-107). This figure illustrates the tension steel strain for longitudinal 
rebars at STRE-25 yield load for specimen STRE-25 only. The maximum strain was 
reached at channel 8 (780 micro strains) below the yielding limit, the strain decreases 
gradually towards support line to be almost 100 micro strains at channel 15 (Fig. 4-108).
The concrete strain in both CONT-25 and STRE-25 specimens were less than concrete 
crushing strain with average value o f -1400 micro strains and -900 micro strains for the 
control and strengthened specimens, respectively. The strain is evenly distributed along 
this direction (Fig. 4-109). Fig. 4-109 illustrates the compression strain in concrete in the 
long direction for both CONT-25 specimen and STRE-25 specimen at load 118 kN 
(control yield load). Fig. 4-110 illustrates the compression strain in concrete in the short 
direction; this figure exhibits small strain values in both specimens, proving the fact that 
the fibers in the short direction were subjected to low stress.
The compression fibers in specimen CONT-25 at the edges were crushed, reaching the 
concrete ultimate strain o f -3500 micro strains, while in specimen STRE-25 the strain 
values were below this limit (Fig. 4-111). Fig. 4-111 shows the concrete strain in the long 
direction at ultimate load o f control specimen (139 kN) for both CONT-25 and STRE-25 
specimens. No sign o f high strain in short direction fibers (Fig. 4-112). The concrete
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strain approached the concrete crushing strain (Fig. 4-113). This figure shows concrete 
strains in the long direction at ultimate load of the specimen STRE-25 (210 kN), while no 
sign o f high stress in short direction fibers (Fig. 4-114).
4.4 Specimens CONT-35 and STRE-35
4.4.1 Cracks Propagation
Specimen CONT-35 is shown in Figs. 4-115, and 4-116. Cracks started to appear in 
the bottom face o f the slab, visibly observed at load level of 47 kN. Tension cracks began 
in the vicinity o f column slab interface, as shown in Fig 4-117 (a) along the slab short 
direction in the maximum moment region (the side o f slab under the cantilever). By 
increasing the load level, more cracks were created in the bottom face o f the slab (Fig. 4- 
117 (b)). These cracks were parallel to the first crack, which extended at the free vertical 
edge o f the slab upward to die slab compression face. Finally, the specimen crushed at 
the failure ultimate load o f 132 kN (see Table 4-1).
Specimen STRE-35 shown in Figs. 4-118 and 4-119, had no sign o f visible cracks until 
a very late stage o f loading, almost at load level o f 190 kN (Fig. 4-120). The cracks were 
very thin and very few, two or three cracks appeared in the area between the two 
transverse strips at vertical free edge o f the slab. By increasing the load up to 235 kN, 
sudden drop o f load carrying capacity occurred. The concrete along the perimeter o f the 
column at die top face o f the slab at column-slab interface cracked (Fig. 4-121). The 
column stub became clearly inclined and punched the slab (Fig. 4-122).
4.4.2 Failure Mode
The failure mode o f specimen CONT-35 is clearly flexural, cracks propagated at the 
bottom face (tension side) o f the slab extending to the slab free edges and expanded,
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while longitudinal tension reinforcement yielded. The compression face o f concrete 
crushed finally after reaching its ultimate strain. It was obvious that cracks began in the 
maximum bending moment region, the side o f slab under the cantilever.
Specimen STRE-35 is highly externally strengthened by CFRP plates (pftp = 0.83%). 
CFRP plates in this specimen delayed cracks expanding to almost failure point; very thin 
hair line flexural cracks appeared on the vertical edge o f the slab at load level o f 190 kN. 
The slab reached its ultimate punching shear capacity at 235 kN to have flexural shear 
failure as appears in the Figs. 4-123 and 4-124, after cutting a piece o f CFRP plate in the 
bottom o f the slab after ending the test. No signs o f concrete crushing were seen because 
the failure happened before reaching the ultimate flexural strength o f the slab (that will be 
discussed further in next paragraph).
4.4.3 Deformability, Yielding and Ultimate Strength 
Curves for load versus deflection in the center and the midspans o f the slab in 
specimens CONT-35 and STRE-35 are shown in the Figs. 4-125 to 4-129. Both 
specimens began to lose stiffness at cracking load o f 26 kN for CONT-35 and 34 kN for 
STRE-35 (see Table 4-1).
The cracks were seen earlier for specimen CONT-35 giving early warning signals o f 
yielding and failure. These signals came at very late stage o f loading in STRE-35 (failure 
point) and thin cracks were barely seen. CFRP plates prevented the expansion o f flexural 
cracks and increased the ultimate flexural capacity. Flexural capacity exceeded the 
punching shear capacity (the ultimate load o f the specimen), and STRE-35 specimen 
failed by brittle shear failure as appears in Fig. 4-125, and a very sudden drop o f carrying
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load occurred. This mode of failure terminated the composite effect o f CFRP plates, the 
slab behaved as unstrenghtened slab after failure.
Load deflection curves show that the stiffness o f STRE-35 was 40% higher than that of 
CONT-35 in the range between cracking and yielding, (see Table 4-2). After yielding, the 
deflection increased in CONT-35 with little increase o f load, changing the behavior from 
elastic to plastic and long plateau of the load-deflection curve can be seen as an 
indication o f ductility for this specimen. The stiffness o f the slab in STRE-35 decreased 
very slightly after yielding but at a  much less rate than CONT-35 and stress began to 
transfer from yielding steel rebars to CFRP plate. Sudden failure in specimen STRE-35 
ended the gained strength and stiffness and the specimen went back to stiffness and 
behavior almost similar to the control specimen, as shown in Fig. 4-125.
The experiment proved that the used CFRP reinforcement ratio secured yielding of 
tension steel in specimen STRE-35, but this specimen failed in punching shear before 
concrete crushing. Shear failure happened because the ultimate punching shear capacity 
o f specimen STRE-35 (reduced by high eccentricity e = 0.35 m) was less than its flexural 
capacity, which increased by high external reinforcement ratio (p&p = 0.83 %). The 
ultimate strength increased by 78% in strengthened specimen and yield strength increased 
65%, (see Table 4-1).
Figs. 4-130 and 4-133 show the variations o f deflection values in the long direction of 
the slab at load level o f 115 kN (the control specimen yield load) and at load level of 
132 kN (the ultimate load o f  the control specimen) for both CONT-25 and STRE-25 
specimens. Higher deflection values were exhibited for control specimen, and higher 
deflection in channels 33, 35 positioned at the central line in short direction than channels
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34, 36 in long direction for both specimens. This is an indication o f failure which, began 
at column-slab interface in both specimens. Deflection in channels 33, 35 had a jump 
from almost 9 mm at load level 115 kN to 18 mm at load level 139 kN in CONT-35, but 
the change was in much smaller rate in STRE-35 from 5.5 mm to 6.5 mm. The 
strengthened specimen had less deformability than CONT-35.
4.4.4 Steel and Concrete Strains 
Figs. 4-134 to 4-138 illustrate the compression concrete strain versus the load in the 
short direction (Ch 1 to 4 and 9) for specimens CONT-35 and STRE-35. Low strains 
were recorded at ultimate load (maximum strain was -400 micro strains) confirms the low 
stress subjected to concrete compression fibers in the short direction for both the control 
and the strengthened slabs. Higher compression strains were recorded for strengthened 
specimen STRE-35 which foiled at higher ultimate load. At failure, concrete strains 
curves dropped in reversed trend and the strain reduced rapidly with the decrease o f  the 
applied load due to sudden failure and the slab lost its strength in a sharp manner.
Figs. 4-139 to 4-145 present the compression concrete strain versus the load in the 
long direction for (Ch 10 to 12 and 17 to 20) o f specimens CONT-35 and STRE-35. High 
strains were recorded in CONT-2 at ultimate load up to (-3500 micro strains) which 
confirms crushing o f concrete in the compression zone in the vicinity o f column-slab 
interface. After reaching the yield load in CONT-35, the strain increased rapidly with 
small increase o f load up to failure. Low strains, around -1850 micro strains, were 
recorded in STRE-35 and no concrete crushing took place, and the strain decreased 
sharply at ultimate load due to premature failure.
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Figs. 4-146 to 4-152 illustrate the tension steel rebars’ strain versus the load in the 
short rebars (Ch 5 to 8 and 13 to 15) o f specimens CONT-35 and STRE-35. The tension 
strains were recorded up to 1000 micro strains in specimen CONT-35. The rebars did not 
reach yield strain in the short direction, and the slab worked mainly in the long direction. 
The rebars in STRE-35 were less strained than the short rebars in specimen CONT-35 for 
the same load level due to CFRP plate contribution. Some short rebars in STRE-35 
reached yield strain but after failure (after the ultimate load), because the test went very 
far after failure which caused yielding to some rebars in the short direction.
High strain levels were recorded at the yield load o f the slabs, all rebars had yielded, as 
shown in Figs. 4-153 to 4-160 which illustrate the tension steel rebars strain versus the 
load in the longitudinal rebars (Ch 16, 21 to 24 and 29 to 32) o f specimen CONT-35 and 
specimen STRE-35. The rebars in specimen CONT-35 yielded at load level o f 115 kN 
and carried more stress. The long plateau o f  load-strain curve from yielding to failure can 
be clearly seen (Chi 6, 23, 29, 30, 31). Most o f the rebars in specimen STRE-35 had 
yielded at load (190 kN) but after that no significant increase o f strain was recorded. By 
increasing the applied load, a sudden drop o f strain-load curve at ultimate load took place 
and the behavior o f the strengthened slab after failure became similar to that in 
unstrengthened slab. The strain in the rebars after yielding was almost constant because 
o f CFRP plate’s contribution in resisting the extra load, after premature failure the rebars 
went back resisting the stress in plastic range.
All rebars in specimen CONT-35 have yielded forming a plastic or yiel line along the 
short direction o f the slab, as shown in Fig. 4-161. This figure shows the steel strain 
readings in the longitudinal tension rebars in channels 16, 21 to 24, 29 to 32 at control
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yielding load level o f 115 kN for specimen CONT-35 and specimen STRE-35. The rebars 
in specimen STRE-35 were below the yielding strain (maximum strain was 1500 micro 
strains), but the strains were almost evenly distributed between the rebars, as shown in 
Fig. 4-161.
The short direction rebars at load level o f 115 kN in specimen CONT-35 were below 
yielding (maximum strain was 650 micro strains). The maximum strained rebars in the 
short direction were in the region o f the slab under the cantilever (the maximum moment 
region). The stress reduced gradually towards the line support far from loading point 
(Fig. 4-162). The maximum strain recorded in the short direction rebars at load level o f 
115 kN in STRE-35 was in the rebar at mid span (Ch 7), the region of the slab under the 
cantilever was the most strained region o f the slab (the maximum moment region). The 
strain gradually decreased toward the support line far from the slab center in Channels 
13,14, and 15 (Fig. 4-162).
The longitudinal rebars in specimen STRE-35 were almost evenly strained below 
yielding strain with average strain 1600 micro strains. The longitudinal rebars in the 
strengthened slab were strained less than the rebars in the control slab at the same load 
level o f 132 kN due to CFRP plate contribution (Fig. 4-163).
At load level o f 132 kN the short direction rebars in specimen CONT-35 were below 
yielding (maximum strain was 1100 micro strains). The maximum strained rebars in the 
short direction were in the region o f the slab under the cantilever (the maximum moment 
region). The stress was reduced gradually towards the line support far from loading point, 
as shown in Fig. 4-164. The maximum strain (350 micro strains) recorded at load level o f 
132 kN in the short direction rebars in specimen STRE-35 was in the rebar at mid span
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(Ch 7), the region o f the slab under the cantilever was the most strained region o f the slab 
(the maximum moment region). The strain gradually decreased toward the support line 
far from load point in Channels 13,14, and 15, as shown in Fig. 4-164.
A plastic or yield line was formed where all rebars were strained almost evenly at yield 
strain, as shown in Fig. 4-165. This figure illustrates the tension steel strains in 
longitudinal rebars at specimen STRE-35 yield load (190 kN) for STRE-35 specimen 
only. The maximum strain recorded at load level o f 190 kN was 900 micro strains and 
was 1800 micro strains at load level o f 235 kN in the short direction rebars o f specimen 
STRE-35. This maximum strain was in the rebar at mid span (Ch 7), the region o f the 
slab under the cantilever was the most strained region o f the slab (the maximum moment 
region). The strain gradually decreased toward the support line far from load point in 
Channels 13, 14, and 15, as shown in Fig. 4-166 and Fig. 4-168. No significant increase 
in longitudinal rebars strain at specimen STRE-35 failure load (235 kN) were recorded 
compared to strain at load level o f 190 kN due to CFRP contribution carrying the 
increase o f the applied load, as shown in Fig. 4-167.
The concrete strains in both specimens CONT-35 and STRE-35 were less than the 
concrete ultimate strain with an average value o f -1200 micro strains for control 
specimen and -600 micro strains for strengthened specimen. Compression fibers were 
almost evenly strained, as shown in Fig. 4-169. This figure presents the compression 
strain in concrete in the long direction for both specimens CONT-35 and STRE-35 at 
load 115kN (control yield load). Fig. 4-170 exhibits small strain values in the short 
direction in both specimens CONT-35 and STRE-35 proving the fact that the fibers in 
short direction were not significantly stressed. The compression fibers in specimen
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CONT-35 at the edges crushed, almost reaching concrete ultimate strain -3500 micro 
strains, while in specimen STRE-35 the concrete strain values were below o f the crushing 
point (Fig. 4-171). Fig. 4-171 illustrates the concrete strain in the long direction at load 
level o f  132 kN (the control specimen ultimate load) for both specimens CONT-35 and 
STRE-35. There was no sign o f high strain in short direction fibers, (Fig. 4-172). The 
maximum concrete strain in the long direction at STRE-35 ultimate load level o f 235 kN 
was -1800 micro strains in the edges o f  the slab. The concrete strain did reach crushing 
point due to premature shear failure o f the specimen STRE-35, as shown in Fig. 4-173. 
No sign o f concrete crushing and no sign o f high strain in the short direction concrete 
fibers (Fig. 4-174).
4.4 Effect of Eccentricity 
Load versus deflection curves for five specimens CONT-O, STRE-0, CONT-25, STRE- 
25, and STRE-35 are shown in Figs. 4-175 to 4-179. The deflection was measured by 
potentiometers in five points the center and midspans (potentiometers locations in the 
center and midspans are illustrated in Figs. 3-34 and 3-35). One load versus deflection 
curve was ignored for specimen CONT-35 because it is very similar to specimen CONT- 
25. The stiffness in the range between cracking and yielding for the control specimen 
CONT-25 (where the load was applied eccentrically, e = 0.25 m) was almost 14% less 
than the stiffness for the control specimen CONT-O (where the load was applied 
concentrically, e = 0). The ultimate strength for specimen CONT-25 was 18% less than 
the ultimate strength for specimen CONT-O, (see Table 4-2). This reduction o f stiffness 
and ultimate strength was due to the eccentricity the load was applied with.
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Strengthening the slab (concentrically loaded) with CFRP sheets configuration A in 
specimen STRE-0 uincreased the stiffness (compared with control specimen CONT-O) by 
almost 54%, while strengthening the slab (eccentrically loaded e = 0.25 m) with the same 
configuration in specimen STRE-25 increased the stiffness (compared with control 
specimen CONT-25) by only 33%, as shown in Fig. 4-180. Applying the load with 
eccentricity (e = 0.25 m) reduced the slab-column connection stiffness upgrading by 
almost 20% and the ultimate strength upgrading by 29%, as shown in Fig. 4-181.
After yielding to failure, more gradual deflection load curve (less brittle) was seen in 
specimen STRE-0 than specimen STRE-25. Specimen STRE-25, after reaching ultimate 
load, had sharper drop in load-deflection curve than specimen STRE-0. From load-strain 
(concrete and steel) curves, Figs. 4-16 to 4-43 and 4-75 to 4-102, the increase rate o f 
concrete and steel strain after control specimen yield load level in specimen STRE-0 
were slower than specimen STRE-25; the eccentricity reduced the increase o f stiffness in 
the strengthened slabs.
A higher external reinforcement ratio p&p = 0.83% in specimen STRE-35 was 
provided to get higher increase in stiffness and ultimate load than specimen STRE-25. 
The stiffness increased in specimen STRE-35 by almost 41% and the ultimate load 
increased by 78% (compared with control specimen CONT-35), as shown in Figs. 4-181, 
but that was limited by punching shear failure (brittle failure). The flexural capacity o f 
specimen STRE-35 increased by the increased external reinforcement (CFRP) ratio 
(configuration B), exceeding the punching shear capacity decreased by the increase in the 
eccentricity (eccentricity increased from 0.25 m  to 0.35 m). Because o f that, the ultimate
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capacity o f specimen STRE-35 was the punching shear capacity and punching shear 
failure occurred.
4.5 Conclusions
Flexural mode o f failure was dominant for all control specimens CONT-O, CONT-25, 
and CONT-35 and in two strengthened specimens STRE-0, and STRE-25. The flexural 
capacity o f slab-column connections increased significantly by 51% to 81% using 
external strengthening by carbon fiber reinforced polymer CFRP sheets. The stiffness o f 
the flat slab increased using externally bonded CFRP sheets in the range between 
cracking and yielding of tension steel reinforcement by 33% to 55%, decreasing the 
deformation o f the slabs at the same load level. Yielding load o f strengthened specimens 
improved by 48% to 65% using CFRP strengthening technique. Cracking loads for 
strengthened specimens did not increase significantly, but CFRP plates delayed 
expansion o f the flexural cracks, increasing the service load range, but the cracks became 
visible at higher load levels in later loading stages.
Less ductile failure was observed for strengthened specimens. Relatively ductile failure 
was achieved by having conventional reinforcement yielded; this was limited by two 
external reinforcement ratios (CFRP), the first was maximum ratio at which compression 
or concrete crushing failure only (very brittle) occurs, and the second was minimum ratio 
at which CFRP plates’ rupture failure occurs. Ductile failure is also limited by the load 
eccentricity, which may change the failure mode from flexural to brittle shear failure. 
Applying eccentric load (e = 0.25 m) on specimen STRE-25 reduced slab-column 
connection stiffness upgrading by almost 20% and the ultimate strength upgrading by 
29% compared with specimen STRE-0.
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CONT-O 37 152 169
1.81 1.64
STRE-0 37 250 305
CONT-25 32 118 139
1.51 1.48
STRE-25 34 175 210
CONT-35 26 115 132 1.78 1.65
STRE-35 34 190 235
*
Strengthening Ratio = [(Ultimate strength for the strengthened specimen)/ (Ultimate 
strength for the control specimen)]
Table 4-2 Stiffness index










Stiffness Index = [(Strengthened slab stififhess/Control slab stiffness)]
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Figure 4-2: North view of the control specimen CONT-O
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Figure 4-3 (a) : View of crack propagation in the slab of specimen CONT-O
Figure 4-3 (b): View of cracks propagation in the slab of specimen CONT-O
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 4-4: South view of specimen STRE-0 (under test frame)
Figure 4-5: View of cracks propagation on the edge of slab of specimen STRE-0
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Figure 4-6: View of concrete crushing on the top of slab of specimen STRE-0
Figure 4-7: View of deformed specimen STRE-0
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Figure 4-10: Load versus central deflection of specimens CONT-O, 








0 10 20 30 40
Deflection(mm)
Figure 4-11: Load versus deflection of specimens CONT-O, 
and STRE-0 (channel 33)
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Figure 4-12: Load versus deflection of specimens CONT-O, 
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Figure 4-13: Load versus deflection of specimens CONT-O, 
and STRE-0 (channel 35)
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Figure 4-14: Load versus deflection of specimens CONT-O, 









Figure 4-15: Deflections in slab long direction at the load of 152 kN 
for specimens CONT-O, and STRE-0
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Note: Steel and concrete strain gages’ locations for specimens CONT-O, STRE-0, CONT-25, 
STRE-25, CONT-35, and STRE-35 are shown in Figs. 3-28,3-29,3-30, and 3-31
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Figure 4-16: Load versus concrete strain of specimens CONT-O, 
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Figure 4-17: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 2)
129







2  150 -
100 -
300 4000 100 200-200 -100
Microstrain
Figure 4-18: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 3)
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Figure 4-19: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 4)
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Figure 4-20: Load versus concrete strain of specimens CONT-O, 










-2500 -2000 -1500 -1000 -500 0 500
Figure 4-21: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 10)
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Figure 4-22: Load versus concrete strain of specimens CONT-O, 










-3000 -2000 -1000 0 1000
Microstrain
Figure 4-23: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 12)
132
Ch. 11 (Concrete strain gauge.)
STRE-0
CONT-O











-2000-3000 -1000 0 1000
Microstrain
Figure 4-24: Load versus concrete strain for specimens CONT-O, 
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Figure 4-25: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 18)
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Figure 4-26: Load versus concrete strain of specimens CONT-O, 
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Figure 4-27: Load versus concrete strain of specimens CONT-O, 
and STRE-0 (channel 20)
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Figure 4-28: Load versus steel strain of specimens CONT-O, 
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Figure 4-29: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 6)
135






CONT-Oz  200 -
3  150 -
100 1  CONT-O
 STRE-0
50 -
-200 0 200 400 600 800 1000
Microstrain
Figure 4-30: Load versus steel strain of specimens CONT-O, 
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Figure 4-31: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 8)
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Figure 4-32: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 13)
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Figure 4-33: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 14)
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Figure 4-34: Load versus steel strain of specimens CONT-O, 
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Figure 4-35: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 16)
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Figure 4-36: Load versus steel strain of specimens CONT-O,
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Figure 4-37: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 22)
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Figure 4-38: Load versus steel strain of specimens CONT-O, 
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Figure 4-39: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 24)
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Figure 4-40: Load versus steel strain of specimens CONT-O, 
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Figure 4-41: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 30)
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Figure 4-42: Load versus steel strain of specimens CONT-O, 
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Figure 4-43: Load versus steel strain of specimens CONT-O, 
and STRE-0 (channel 32)
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Figure 4-44: Steel strain readings in the long direction at load level 152 kN 
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Figure 4-45: Steel strain readings in the short direction at load level 152 kN for 
specimens CONT-O, and STRE-0
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Figure 4-46: Steel strain readings in the long direction at load level 169 kN 
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Figure 4-47: Steel strain readings in the short direction at load level 169 kN 
for specimens CONT-O, and STRE-0
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Figure 4-49: Steel strain readings in the short direction at load level 250 kN 
for specimen STRE-0
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Figure 4-50: Concrete strain readings in the long direction at load level 152 kN 












1 2 3 4 9
Channels
Figure 4-51: Concrete strain readings in the short direction at load level 152 kN 
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Figure 4-52: Concrete strain readings in the long direction at load level 169 kN 














Figure 4-53: Concrete strain readings in the short direction at load level 169 kN 
for specimens CONT-O, and STRE-0
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Figure 4-55: Concrete strain readings in the short direction at load level 250 kN 
for specimen STRE-0
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Figure 4-57: Concrete strain readings in the long direction at load level 305 kN 
for specimen STRE-0
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Figure 4-58: North view of control specimen CONT-25 (under test frame)
Figure 4-59: East view of control specimen CONT-25 (under test frame)
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Figure 4-60 (a): View of cracks propagation in the slab of specimen CONT-25
m m i m  _ .■ ■ ■ ■
Figure 4-60 (b): View of cracks propagation in the slab of specimen CONT-25
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Figure 4-60 (c): View of cracks propagation on free edge of the slab 
of specimen CONT-25
Figure 4-61: East view of specimen STRE-25 (under test frame)
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Figure 4-62: North view of specimen STRE-25 (under test frame)
Figure 4-63: View of cracks propagation on free edge of the slab 
of specimen STRE-25
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Figure 4-64; View of concrete crushing on the top of the slab 
of specimen STRE-25
Figure 4-65: View of deformed picture of specimen STRE-25
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Figure 4-66: Load versus central deflection of specimens CONT-25, 
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Figure 4-67: Load versus deflection of specimens CONT-25, 
and STRE-35 (channel 33)
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Figure 4-68: Load versus deflection of specimens CONT-25, 
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Figure 4-69: Load versus deflection of specimens CONT-25, 
and STRE-25 (channel 35)
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Figure 4-70: Load versus deflection of specimens CONT-25, 













Figure 4-71: Deflections in the slab long direction at load level 118 kN 
for specimens CONT-25 and STRE-25
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Figure 4-72: Deflections in the slab long direction at load level 118 kN 











Figure 4-73: Deflections in the slab long direction at load level 139 kN 
for specimens CONT-25 and STRE-25
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Figure 4-74: Deflections in the slab long direction at load level 139 kN 
for specimens CONT-25 and STRE-25
250








-200 -100 0 100 200
Microstrain
Figure 4-75: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 1)
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Figure 4-76: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 2)
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Figure 4-77: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 3)
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Figure 4-78: Load versus concrete strain of specimens CONT-25 
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Figure 4-79: Load versus concrete strain of specimens CONT-25 
and STRE-25 (channel 9)
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Figure 4-80: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 10)
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Figure 4-81: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 11)
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Figure 4-82: Load versus concrete strain of specimens CONT-25, 











Figure 4-83: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 17)
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Figure 4-84: Load versus concrete strain of specimens CONT-25, 
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Figure 4-85: Load versus concrete strain of specimens CONT-25, 
and STRE-25 (channel 19)
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Figure 4-86: Load versus concrete strain for specimens CONT-25, 
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Figure 4-87: Load versus steel strain of specimens CONT-25 (channel 5)
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Figure 4-88: Load versus steel strain for specimens CONT-25, 
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Figure 4-89: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 7)
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Figure 4-90: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 8)
250







-500 0 500 1000 1500
Microstrain
Figure 4-91: Load versus steel strain of specimens CONT-25, 


















Figure 4-92: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 14)
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Figure 4-93: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 15)
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Figure 4-94: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 16)
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Figure 4-95: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 21)
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Figure 4-96: Load versus steel strain of specimen CONT-25 (channel 22)
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Figure 4-97: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 23)
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Figure 4-98: Load versus steel strain of specimens CONT-25, 
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Figure 4-99: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 29)
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Figure 4-100: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 30)
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Figure 4-101: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 31)
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Figure 4-102: Load versus steel strain of specimens CONT-25, 
and STRE-25 (channel 32)
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Figure 4-103: Steel strain readings in the long direction at load level 118 kN 














Figure 4-104: Steel strain readings in the short direction at load level 118 kN 
for specimens CONT-25, and STRE-25
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Figure 4-105: Steel strain readings in the long direction at load level 139 kN 
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Figure 4-106: Steel strain readings in the short direction at load level 139 kN 
for specimens CONT-25, and STRE-25
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Figure 4-108: Steel strain readings in the short direction at load level 175 kN 
for specimen STRE-25
176













Figure 4-109: Concrete strain readings in the long direction at load level 118 kN 
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Figure 4-110: Concrete strain readings in the short direction at load level 118 
kN for specimens CONT-25, and STRE-25
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Figure 4-111: Concrete strain readings in the long direction at load level 139 kN 
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Figure 4-112: Concrete strain readings in the short direction at load level 139 kN 
for specimens CONT-25, and STRE-25
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Figure 4-114: Concrete strain readings in the short direction at load level 210 kN 
for specimens STRE-25
179
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 4-115: North view of control specimen CONT-35 (under test frame)
Figure 4-116: East view of control specimen CONT-35 (under test frame)
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Figure 4-117 (a): View of cracks propagation in die slab of specimen CONT-35
Figure 4-117 (b): View of cracks propagation in the slab of specimen CONT-35
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Figure 4-118: East view of specimen STRE-35 (under test frame)
Figure 4-119: North view of specimen STRE-35 (under test frame)
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Figure 4-120: View of cracks propagation on free edge of the slab 
of specimen STRE-35
Figure 4-121: View of cracks propagation on the top of the slab 
of snecimen STRE-35
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Figure 4-122: View of deformed column stub of specimen STRE-35
Figure 4-123: View of concrete crushing and piece of CFRP plate at the bottom 
of the slab of specimen STRE-35
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Figure 4-124: View of concrete crushing and piece of CFRP plate 
at the bottom of the slab of specimen STRE-35
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Figure 4-125: Load versus central deflection of specimens CONT-35, 
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Figure 4-126: Load versus deflection of specimens CONT-35, 
and STRE-35 (channel 33)
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Figure 4-127: Load versus deflection of specimens CONT-35, 
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Figure 4-128: Load versus deflection of specimens CONT-35, 
and STRE-35 (channel 35)
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Figure 4-129: Load versus deflection of specimens CONT-35, 
and STRE-35 (channel 36)
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Figure 4-130: Deflections in the slab long direction at load level 115 kN 














Figure 4-131: Deflections in the slab long direction at load level 115 kN 
for specimens CONT-35 and STRE-35
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Figure 4-132: Deflections in the slab long direction at load level 132 kN 




I 1"'  
£  10 - O *






Figure 4-133: Deflections in the slab long direction at load level 132 kN 
for specimens CONT-35 and STRE-35
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Figure 4-134: Load versus concrete strain of specimens CONT-35, 
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Figure 4-135: Load versus concrete strain of specimens CONT-35, 
and STRE-35 (channel 2)
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Figure 4-136: Load versus concrete strain of specimens CONT-35 
and STRE-35 (channel 3)
2 gQ Ch.4(Concrete strain gauge)
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Figure 4-137: Load versus concrete strain of specimens CONT-35 
and STRE-35 (channel 4)
192











-200 -100 100 2000
Microstrain
Figure 4-138: Load versus concrete strain for specimens CONT-35, 
and STRE-35 (channel 9)
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Figure 5-139: Load versus concrete strain of specimens CONT-35, 
and STRE-35 (channel 10)
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Figure 4-140: Load versus concrete strain of specimens CONT-35, 
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Figure 4-141: Load versus concrete strain of specimens CONT-35, 
and STRE-35 (channel 12)
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Figure 4-142: Load versus concrete strain of specimens CONT-35, 












Figure 4-143: Load versus concrete strain of specimens CONT-35, 
and STRE-35 (channel 18)
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Figure 4-144: Load versus concrete strain of specimens CONT-35, 













Figure 4-145: Load versus concrete strain of specimens CONT-35, 
and STRE-35 (channel 20)
196










Figure 4-146: Load versus steel strain of specimens CONT-35, 















Figure 4-147: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 6)
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Figure 4-148: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 7)
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Figure 4-149: Load versus steel strain of specimens CONT-35, 
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Figure 4-150: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 13)
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Figure 4-151: Load versus steel strain of specimens CONT-35, 
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Figure 4-152: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 15)
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Figure 4-153: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 16)
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Figure 4-154: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 21)
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Figure 4-155: Load versus steel strain of specimens CONT-35, 
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Figure 4-156: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 23)
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Figure 4-157: Load versus steel strain of specimens CONT-35, 
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Figure 4-158: Load versus steel strain of specimens CONT-2, 
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Figure 4-159: Load versus steel strain of specimens CONT-35, 
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Figure 4-160: Load versus steel strain of specimens CONT-35, 
and STRE-35 (channel 32)
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Figure 4-161: Steel strain readings in the long direction at load level 115 kN 
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Figure 4-162: Steel strain readings in the short direction at load level 115 kN 
for specimens CONT-35, and STRE-35
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Figure 4-163: Steel strain readings in the long direction at load level 132 kN 
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Figure 4-164: Steel strain readings in the short direction at load level 132 kN 
for specimens CONT-35, and STRE-35
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Figure 4-168: Steel strain readings in the short direction at load level 235 kN 
for specimen STRE-35
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Figure 4-169: Concrete strain readings in the long direction at load level 115 kN 












1 2 3 4 9
Channels
Figure 4-170: Concrete strain readings in the short direction at load level 115 kN 
for specimens CONT-35, and STRE-35
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Figure 4-171: Concrete strain readings in the long direction at load level 132 kN 
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Figure 4-172: Concrete strain readings in the short direction at load level 132 kN 
for specimens CONT-35, and STRE-35
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Figure 4-174: Concrete strain readings in the short direction at load level 235 kN 
for specimen STRE-35
STRE-35
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Figure 4-175: Load versus central deflection of specimens CONT-O, STRE-0, 
CONT-25, STRE-25 and STRE-35 (channel 38)
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Figure 4-176: Load versus deflection of specimens CONT-O, STRE -0, 
CONT-25, STRE -25, and STRE -35 (channel 33)
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Figure 4-177: Load versus deflection of specimens CONT-O, STRE -0, 
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Figure 4-178: Load versus deflection of specimens CONT-O, STRE -0, 
CONT-25, STRE-25 and STRE-35 (channel 35)
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Figure 4-179: Load versus deflection of specimens CONT-O, STRE -0, 
CONT-25, STRE-25 and STRE-35 (channel 36)
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Figure 4-181: Ultimate Loads for specimens CONT-O, STRE -0, CONT-25, 
STRE -25, CONT-35, and STRE -35
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In this chapter, the cracking load and ultimate carrying capacity o f the six flat slab- 
column connection specimens are analyzed using CSA A23.3-94 standards and the 
recommendations o f ISIS (Design manual No. 4, 2001). The experimental results are 
compared with the predicted ultimate loads to check if  these design codes provisions 
(CSA standards and ISIS recommendations) are applicable to flat slabs strengthening 
using CFRP. Slab design to secure it’s ductility by establishing external reinforcement 
ratio limits is also discussed.
5.2 Flexural Capacity (Nominal Moment Capacity)
To estimate the actual resistance o f the slab cross section, nominal moment capacity 
M„ would be calculated to assess the actual failure load or ultimate load for tested 
specimens in the laboratory. The nominal moment capacity is computed using the 
nominal dimensions and material strengths, having the()> .resistance factors for steel <|)c and 
for concrete equal to one.
5.2.1 Nominal Moment Capacity for Unstrengthened (control) Specimens
The analysis according to CSA, A23.3-94 uses the following requirements and 
assumptions:
• The stress at any point in a member must correspond to the strain at that point 
(stress and strain compatibility requirement).
• The internal forces must balance the external load effects (equilibrium 
requirement).
216
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• Sections perpendicular to the axis of bending, which are plane before bending 
remain plane after bending.
• The strain in the reinforcement is equal to the strain in the concrete at the same 
level.
• The tensile strength o f concrete is neglected in flexural strength calculations.
• Concrete assumed to fail when the compressive strain reaches a limiting value. 
CSA A23.3 Cl. 10.1.3 Specifies the limiting compressive strain equal to 3500 pe.
• The stresses in the concrete and reinforcement can be computed from the stress- 
strain curves for steel, as shown in Fig. 5-1, and for concrete as shown in Fig. 5-2.
Theoretical analysis proceeds as follows:
■ The equivalent concrete stress block shown in the Fig. 5-3 allows simplification 
o f replacing parabolic distribution with a rectangular distribution defined by the 
equivalence coefficients aj and pi.
The coefficient ai and Pi according to CSA, A23.3-94 is given by: 
oti= 0.85- 0.0015 fc> 0.67 (5-1)
pi= 0.97- 0.0025 f; >0.67 (5-2)
■ Concrete compressive stress Cc is given by:
Cc = pic ai f^b (5-3)
• Assuming that the tension reinforcement yields (the stress fs in the tension 
reinforcement equals the yield strength fy) and the compression reinforcement 
does not yield. The tensile steel force will be:
Ts = As fy (5-4)
■ Compressive steel force Cs is given by:
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Cs= f ' a '





(c -  d') c
From forces equilibrium the neutral axis location, c, can be obtained: 
Cs + Cc = Ts (5-8)
And a = Pic (5-9)
Check steel yielding:
I- Tension steel:
_ scu( d - c )
s — (5-10)
II-Compression steel:
\ a  / lim
f  f  ^l — y—
K  700
•  Calculate nominal moment Mn: 
M . = C , ( d - d ' ) + C , ' d - ± '
2
(5-12)
Nominal moment capacity theoretical computations for control specimens CONT-O, 
CONT-25, and CONT-35 are summarized in (Table 5-1).
5.2.2 Nominal Moment Capacity for Strengthened Specimens
The analysis referred to (ISIS, 2001) recommendations and depended on the same classic
assumptions mentioned in section 5.1.1 with the following additional assumptions:
1-The stress for CFRP plates can be computed from the stress-strain curve shown in Fig. 
5-4; the relationship between the stress and strain is linear and elastic up to failure.
2-No slip occurs at the concrete CFRP plate interface.
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Experimental findings suggest that, the strengthened specimens (STRE-0, STRE-25, and 
STRE-35) failed in yielding o f tension steel rebars followed by crushing o f compression 
concrete, and by assuming that compressive steel do not yield, the following equations 
are summarized:
s s =
£cu (c - d')
s (d — c)e  l , e  > e
£ c u ( h - C)
(5-13)
The resistance factor for CFRP plate, ^ w a s  set equal to one for the calculation o f the 
nominal moment capacity. The forces acting on the strengthened slab cross-section are 
shown in Fig. 5-5; concrete compressive strength Cc is given by eq. 5-3, steel tensile 
strength Ts is given by eq.5-4, and steel compressive strength Cs is given by:
(5-14)
c - d '
C = e „  E A
CFRP plate tensile strength T&p is given by: 
^ h - c N
Tfrp =  e cu pfipAfip (5-15)
Assuming a condition o f pure flexure (forces equilibrium) the sum o f the normal forces is 
equal zero:
Cc+ Cs- Ts- Tfrp— 0 this equation can be written in the following form:
Pi exi fcb c + (Es A s£cu ■ As fy + £cu Efrp Afrp) c - Es A £cud ■ £cu Effp Afrp h — 0 (5-16)
Let as:
A" = Pi ai f^b
B  E s  A s£ cu “  A s  f y  "I" E c u  E frp  A f rp  ^  ( 5 - 1 7 )
C Es A Scud- Scu Effp Affp h
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The position of the neutral axis, c, can be found by solving the following quadratic 
equation:
A c 2 + B e  + C" = 0 (5-18)
The moment equilibrium of the cross section leads to the following equation for the
nominal moment o f strengthened specimen:
M n = ■ (c ~ d ) E.A, K M
' a h - c  
d —  +
v V
' h - i '
2
(5 -19)
Nominal moment capacity theoretical computations in strengthened slabs for specimens 
STRE-0, STRE-25, and STRE-35 are summarized in (Table 5-2).
5.3 Balanced External Reinforcement Ratio
Reinforced concrete flexural element strengthened with externally bonded CFRP plates 
could fail in any o f the following failure modes:
•  Compression failure: the concrete crushes in compression before the reinforcing 
steel yields.
• Tension failure: Tension steel reinforcement yields before concrete crushing.
•  CFRP rupture: the rupture o f CFRP plate follows the yielding o f tension steel 
reinforcement.
These three failure modes can be schematically illustrated in Fig. 5-6 (NG and Lee, 
2001). When the areas o f reinforcing rebars, As, and CFRP plates, A&p, are above certain 
values, (above the line ab), as shown in Fig. 5-6, compression failure will occur with the 
crushing of the concrete, while the steel and CFRP strains are still relatively low. This 
type of failure is characterized by a small deflection o f the slab and by an absence o f 
extensive cracking in the tension zone. The failure, often non-ductile and explosive, 
occurs without early warning.
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Tension failure o f a slab with light reinforcement is characterized by large steel and 
CFRP strains and the slab will exhibit visible cracking in the concrete and a substantial 
deflection. This type o f failure process is considered to be relatively ductile and provides 
some warning signals o f an impending failure.
For practical and economical consideration, designers should aim at designing a slab with 
a minimal reinforcement, while providing the maximum flexural capability. The design 
region is the area (abdc) shown in Fig. 5-6. When the areas of reinforcing bar, As, and 
CFRP plates Afrp are below certain values (below line cd) CFRP plate rupture will occur 
before the concrete attains the ultimate compressive strain. This type o f failure is a less- 
ductile failure from practical point o f view; it is necessary that the upper and the lower 
limits o f both reinforcing bar and CFRP areas can be established so that a proper amount 
o f reinforcement can be chosen within the range (abdc) region and that the failure o f the 
slab will be in a relative ductile fashion.
5.3.1 Balanced External Reinforcement Ratio for Concrete Compression Failure
A reinforced concrete cross section is said to be balanced if the concrete strain, ec, 
reaches the ultimate strain ecu , simultaneously with the bottom tension steel strain, es, 
reaching yield strain ey. Meanwhile, the compression steel strain is below the yielding 
limit ( s s< ey), and the CFRP plates strain is below the ultimate strain (sfrp < £frpU). The 
distance from extreme compression face to the neutral axis for balanced conditions, Cb, 
using eqs. 5-15 and Fig. 5-7 is given by:
Cb = _ ^ = u _  (5-20)
8 y + E cu
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From equations 5-3, 5-4, 5-16, and 5-17 cross section internal forces becomes
Cross-sectional area of CFRP material is obtained from the axial forces equilibrium of
cross-section:
1 2 1 1 'Pi Cti f cb  Cb "F E s  A s£cu Cb _ A s  f y  Cb - E s  A s Ccu d -  ( S c u E f j p  h “ E c u E f r p  Cb) Afrp bal
(5-22)
and balanced ratio is given by:
Balanced external reinforcement ratio theoretical computations for concrete compression 
failure in strengthened slabs for specimens STRE-0, STRE-25, and STRE-35 are 
summarized in (Table 5-3).
5.3.2 Balanced External Reinforcement Ratio for FRP Ruptures Failure
A reinforced concrete cross section is said to be balanced if  the concrete strain, ec, 
reaches the ultimate strain ecu , simultaneously with the bottom CFRP strain, Sfrp, reaching 
ultimate strain 8frpU . Meanwhile the compression steel strain remains below the yielding 
strain ( s s< sy), and tension steel strain had yielded, ss > sy. The distance from extreme 
compression face to the neutral axis for balanced conditions, Cb, using eqs. 5-13 and Fig. 
5-8 is given by:
(5-24)
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Cross-sectional area of CFRP material is obtained from the axial force equilibrium of 
cross-section:
and the balanced ratio is given by:
Balanced external reinforcement ratio theoretical computations for CFRP rupture failure 
in strengthened slabs for specimens STRE-0, STRE-25, and STRE-35 are summarized in 
(Table 5-4).
5.4 Punching Shear Capacity of Slab-Column Connection (Specimen STRE-35)
To estimate the shear capacity o f  the slab-column connection, the maximum shear force 
can be resisted by the connection under combined axial force and unbalanced moment; 
Vc, would be calculated according to CSA standard A23.3-94. One-way shear is seldom 
critical in flat plates or flat slabs. Two-way shear is critical on a rectangular section 
located at d / 2 from the face o f the column (CSA A 23.3 Cl 13.4.3.3), as shown in Fig. 5- 
9. The eccentric applied load causes shear and a transfer o f moment between the slab and 
column on the critical section perimeter. The shear capacity o f the slab-column 
connection resists the shear and a fraction o f the moment transferred by the shear is given
Pi ai fcb Cb + ecu E SA S-As fy — SfrpU Efjp Agp bai— 0
(5-25)
by:
b 0d + J
(5-27)
Yv fraction o f moment transferred by shear, yv = 0 for concentric load
223
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CSA A23.3 Cl. 13.4.5.3 defines the fraction of the moment transferred by eccentric shear 
forces as:
y „ = l  ^ 7 ? =  (5-28)
1 - 3  p -  
3 Vb 2
bj: the total width o f the critical section measured perpendicular to the axis about which 
the moment acts.
b2: the total width parallel to the axis 
e: eccentricity o f axial load M/V
Y: distance o f the point of maximum shear stress from the centroid o f the critical shear 
perimeter
J: polar moment o f inertia of the critical shear perimeter
J = 2 M l + 2b ?d +2( A V  (5.29)
12 12 \  2 J
d: effective depth o f the slab at the critical perimeter 
b0: total length o f the column perimeter
vc: shear resistance attributed to concrete, the smallest value of the following:
v„ =
(  2  ^0 .2 +  —  
P c
' o.2+ <xA '  c r  f5-3U
b 0 y
0 . 2 X ^  (5-30)
• v c = 0 . 4 X $ C - J f ^  ( 5 - 3 2 )
pc: ratio o f long side o f column to be taken > 2 
X :  concrete density factor ( X  = 1.00 for normal weight concrete) 
a s= 4  for interior columns
In this calculation any material factors, such as<|>cand <|)swhich account for the expected 
variability will be set equal to one. Computed punching shear capacity of slab-column
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connection for specimen STRE-35 using the above mentioned equations is Vc = 227 kN 
(see Table 5-5).
5.5 Ultimate Flexural Capacity of the Control and Strengthened Specimens
The cracks observed in the experiments for control specimens CONT-O, CONT-25, and 
CONT-35, extending along the short direction in the slab bottom surface. Cracks were 
propagating from column-slab interface to the supports lines. The slab failed in flexure 
working as a one way-slab. The main direction was the long direction, and the maximum 
bending moment was applied at that direction (L-a > b-a, and the eccentric load is applied 
in the long direction). In the strengthened slabs STRE-0 and STRE-25 the cracks in the 
bottom surface o f the slab could not be seen because of CFRP plates. But the cracks were 
extending on the free edge of the slab up to the compression (top, face) o f the slab. The 
concrete crushed at failure along the slab short direction at the slab-column interface. 
These flexural cracks simulate the cracks in the control specimens, and the same 
conclusions apply on the strengthened specimens STRE-0, and STRE-25.
From observed cracks’ pattern, the yield lines were assumed, as shown in Fig. 5-10 
along the short direction and at the slab-column interface. Binici and Bayrak in 2004 
using yield line analysis obtained ultimate flexural capacity for one-way slab subjected to 
concentrated load applied with eccentricity. The ultimate flexural capacity is given by:
V = (5-33)
v  flexural t  , nL -  a + 2e
Mn: Nominal moment capacity for the slab, 
e: Eccentricity the load applied with.
L: Slab length (L = 1.7 m). 
b: Slab width (b = 1 m).
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a: Column width in the slab long direction (a = 0.25 m)
Ultimate flexural capacity theoretical computations of the control and strengthened 
specimens, and comparison between test and theoretical values are summarized in (Table 
5-5). The ultimate strength o f specimen STRE-35 is taken as VU; theo = 227 kN as outlined 
in (Table 5-5), because the computed ultimate flexural capacity o f this specimen 
Vflex, theo. = 273 kN was > Vc = 227 kN (punching shear capacity o f specimen STRE-35).
5.6 Cracking Moment Mcr
At service loads, the distribution o f stresses in the compression zone o f cracked slab is 
close to be linear, and the steel is elastic. As a result, an elastic calculation gives a good 
estimate o f the concrete and steel stresses, and the stiffness El at service loads.
5.6.1 Cracking Moment for Unstrengthened specimens
• According to CSA-A23.3 the modulus o f elasticity for concrete is given by:
• Since all the steel (compression and reinforcement) is in uncracked parts o f the 
slab, as shown in Fig. 5-11, the transformed areas of the two layers o f  steel are:
yc: the density o f plain concrete in kg / m3 , assuming it equals 2300 kg / m3 as a
normal density concrete.
• Modular ratio ns: modular ratio for steel-concrete is given by:
Os Eg / Eg (5-35)
Top steel: (ns -1) A s (5-36)
Bottom steel: (ns -1) A. (5-37)
• The centriod location is given by:
2 > y  bottom (5-38)
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yt: the distance from centroid to extreme tension fiber (bottom o f the slab).
A: Area o f each part o f uncracked transformed section.
ybottom: the distance from centroid o f each part of an uncracked transformed
section to the bottom o f the slab.
•  The moment of inertia is given by:
Igt = I I 0 + £  Ay '2 (5-39)
I0: moment o f inertia for each part of the cross section about its own axis
y ': distance between the centroid o f uncracked transformed section and the
centroid o f each part.
Igt: moment o f inertia o f the uncracked transformed section.
• Cracking moment Mcr is given by:
Mcr = fr Igt / yt (5-40)
fr: concrete modulus o f rupture f r = 0 . 6 X y f f ^  (5-41)
5.6.2 Cracking Moment for strengthened specimens 
Theoretical analysis to compute cracking moment for strengthened specimens proceeds 
as it did in computing cracking moment for unstrengthened specimens and the same 
equations are used. The transformed area for CFRP and its modular ratio n&p is given by:
1) Modular ratio n^p, modular ratio for CFRP plate-concrete is given by:
Hfrp ~ Eftp / Ec
2) The transformed area for CFRP plate is equal n&p A^p (5-42)
Cracking load is calculated using eq. 5-33. Cracking moment and cracking load 
theoretical computations for control and strengthened specimens are summarized in
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(Table 5-6). Comparison between computed cracking load and cracking load obtained 
from load-deflection curve is summarized in (Table 5-7).
5.7 Conclusions
Predicted flexural ultimate carrying capacity for strengthened specimens STRE-0, STRE- 
25, and STRE-35 using CSA A23.3-94 standard and the recommendations of ISIS 
(Design manual No. 4, 2001) are in better agreement with experimental results than 
predicted ultimate strength for control specimens CONT-O, CONT-25, and CONT-35. 
The difference between theoretical and test ultimate strength results was between 4.5% 
and 11.4% for strengthened specimens and between 34% and 47% for control specimens. 
This significant difference between test and theoretical values for control specimens was 
due to strain hardening o f the slab steel reinforcement. Coded calculations do not take 
into account the plastic range o f the steel reinforcement, which can carry more loads after 
yielding but the codes neglect this carrying load.
Ductile failure was achieved by having steel reinforcement yielded; this was limited by 
two external reinforcement (CFRP) ratios, the maximum was the balanced external 
reinforcement ratio for concrete compression failure only (p&p < p&ps bai ), and the 
minimum ratio was the balanced external ratio for CFRP rupture failure (p&p < p&p, bai)- 
Also ductility is limited by eccentricity the load applied with, by increasing the 
eccentricity a brittle shear failure could occur. Cracking load for strengthened specimen 
compared with an unstrengthened specimen did not increase significantly (see Table 5-7).
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Table 5-1 Nominal m om ent capacity theoretical computations for unstrengthened (control) specimens CONT-O, CONT-25, 
and CONT-35
SJu>o
Specimen fy Es fc' As d h d’ As Sy
CONT-35
Data (MPa) (GPa) (MPa) (mm2/ m) (mm) (mm) (mm) (mm2/ m) (F«0



















0.770 0.840 440 17.8 14.9 18000> £y 0.493
1.677






































































































































































































( f r s )
Mn
(kNm/m)
0.770 0.840 34280 41173125 184487 32.1


















Table 5-3 Balanced external reinforcement ratio theoretical computations for concrete compression failure in strengthened 
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Table 5-3 (continued) Balanced external reinforcement ratio theoretical computations for concrete compression failure in 

























































Table 5-3 (continued) Balanced external reinforcement ratio theoretical computations for concrete compression failure in 





















































Table 5-4 Balanced external reinforcement ratio theoretical computations for CFRP rupture failure in strengthened slabs 





















































Table 5-4 (continued) Balanced external reinforcement ratio theoretical computations for CFRP rupture failure in 
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Table 5-4 (continued) Balanced external reinforcement ratio theoretical computations for CFRP rupture failure in 
strengthened slabs for specimens STRE-0, STRE-25, and STRE-35
fy Es fc' As d h d As' Efip tfrp E y
Specimen
D
ata (MPa) (GPa) (MPa) (mm2/ m) (mm) (mm) (mm) (mm2/ m) (GPa) (mm) (ne )








(m m 2) Pfrp bai %
s* e.
Bw
0.870 0.790 28.4 633 0.55
Table 5-5 Ultimate capacity of the control and strengthened specimens 
(test and theoretical values)
Specimen









Vu, test !  Vu, 
theo
CONT-O 45.6 0 126 126 169 1.340
STRE-0 105.7 0 292 292 305 1.045
CONT-25 47.4 0.25 97 97 139 1.433
STRE-25 115.3 0.25 237 237 210 0.886
CONT-35 48.1 0.35 90 90 132 1.467
STRE-35 140.1 0.35 261 227 235 1.035
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Stress fs f
£ s = 200 GPa
Strain 8
Figure 5-1 Steel stress-strain curve
Stress fc a
fc = 0.9 fc
Strain e
Figure 5-2 Concrete stress-strain curve
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Figure 5-3 Stress and strain distribution in the unstrengthened slab cross section
Stress f J 1
£fipU Strain 
Figure 5-4 FRP Stress-strain curve
As'
Figure 5-5 Stress and strain distribution in the strengthened slab cross section
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failure es < ey










Figure 5-7 Stress and strain distribution in the balanced cross section 
(concrete compression failure £$ = ey) for strengthened slab




Es >  e : d-c
Figure 5-8 Stress and strain distribution in the balanced cross section 
(FRP Ruptures Failure £frp = £frpu ) for strengthened slab
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2000 mm
Figure 5- 9 Critical sections for two-way shear (critical shear perimeter) 





Figure 5-10 Yield lines pattern
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Centroid o f uncracked
transformed section Top steel transformed area
CZIZ
d
Bottom steel transformed area
b- Uncracked transformed section
Figure 5-11 Transformed slab sections of control specimens CONT-O, 
CONT-25, and CONT-35
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH
6.1 Conclusions
1- Flexural capacity o f slab-column connections increased significantly by 51% to 81% 
after using external strengthening by carbon fiber reinforced polymer CFRP sheets.
2- The stiffness o f the flat slab increased using externally bonded CFRP sheets in the 
range between cracking and yielding o f tension steel reinforcement by 33% to 55%, 
decreasing the deformation of slabs at the same load level.
3- Less ductile failure was observed for strengthened specimens.
4- Cracking loads for strengthened specimens did not increase significantly, but CFRP 
plates delayed expanding the flexural cracks, increasing service load range, the cracks 
became visible at higher load levels for the strengthened specimens, from 90 kN in 
control specimen CONT-O to 240 kN in strengthened specimen STRE-0, from 50 kN in 
control specimen CONT-25 to 168 kN in strengthened specimen STRE-25, and from 
47 kN in control specimen CONT-35 to 190 kN in strengthened specimen STRE-35.
5- Flexural mode of failure was dominant for most o f strengthened specimens (Specimen 
STRE-0 and specimen STRE-25).
6- Relatively ductile failure was achieved by having conventional reinforcement yielded; 
this was achived by having external reinforcement (CFRP) ratio p&p limited by two 
external reinforcement ratios (CFRP), the first was maximum ratio at which failure or
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compression failure concrete crushing only (very brittle) occurs, and the second was 
minimum ratio at which CFRP plates rupture failure occurs (see Table 6-10).
7- Applying eccentric load reduced slab-column connection ultimate strength and 
stiffness upgrading:
• Applying load with eccentricity, e = 0.25 m on specimen STRE-25 reduced slab- 
column connection stiffness upgrading by almost 22% and the ultimate strength 
upgrading by 29% compared with specimen STRE-0.
8- Ductile failure is limited also by eccentricity the load applied with, which may change 
the failure mode from flexural to brittle shear failure:
• Applying load with eccentricity, e = 0.35 m on specimen STRE-35, which was 
strengthend externally by external reinforcement (CFRP) ratio p&p = 0.83 % 
changed the mode o f failure from ductile flexural failure to brittle punching shear 
failure.
9- Predicted flexural ultimate carrying capacity for strengthened specimens using CSA 
A23.3-94 standard and the recommendations o f ISIS (Design manual No. 4, 2001) was in 
a better approach to experimental results than predicted ultimate strength for control 
specimens. The difference between theoretical and test ultimate strength results was 
between 4.5% and 11.4% for strengthened specimens and between 34% and 47% for the 
control specimens. This significant difference in predicted ultimate strength for control 
specimens was obviously due to strain hardening of reinforcing steel.
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6.2 Recommendations for future Research
The following are recommendations for future investigation:
1- Studies for exterior slab-column connections as edge and comer connections 
reinforced externally by CFRP sheets to investigate the change of the effectiveness of 
strengthening using CFRP compared with the interior slab-column connection 
strengthened with CFRP.
2- Study the effectiveness of repairing using CFRP sheets for preloaded slabs-column 
connections at different load levels and/or subjected to degradation due to high loading 
levels or aggressive environmental factors to see the viability o f strengthening using 
CFRP sheets as rehabilitation techinque.
3- Studies o f different kinds of externally bonded reinforcement as glass or aramid fiber 
reinforced polymer to investigate its effectiveness o f strengthening slabs in comparasion 
with cabon fibers.
4- Study the effectiveness o f the same strengthening technique on slab-column 
connections subjected to cyclic lateral loading to investigate its feasibility in resisting 
wind loads and earthquakes.
Table 6-1: External Reinforcement Ratio (CFRP) for Balanced Sections Calculated













STRE-0 0.52 5.79 0.32
STRE-25 0.52 7.11 0.49
STRE-35 0.83 8.41 0.55
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